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ABSTRACT
CHARACTERIZATION OF RAW MILK FOULING ON PLATE-TYPE HEAT
EXCHANGERS USING DIFFERENT ALLOYS AND COW PHENOTYPES
Stephen Ernest Nelson
Milk and other dairy products are widely used in many households today. Milk is
a popular beverage that is seen as a healthy alternative to other synthetic beverages such
as soda pop and other sugar based drinks. It became law that milk, and milk products are
pasteurized before its release to the general public (FDA 2003). Pasteurization is a
thermal process where the intent is to lower the concentration of microorganisms in the
milk to render it safe to drink with heat (Bansal and Chen 2006). With all the thermal
processing of the raw milk, this leads to thermal efficiency degradation of the heat
exchangers used to pasteurize the milk (Bansal and Chen 2006) due to direct fouling of
the heating surface.
The buildup of organic and inorganic matter onto a metal surface from the
constant heating of the milk on a stainless steel surface is called fouling. The exact mode
on which the fouling layers nucleate and grow is unknown by the date of this writing.
Milk fouling has been around as long as the pasteurization process. (Visser and Jeurnink
1997) Fouling rate is related to a function of variables. Fouling rate is a function of milk
type, time, and temperature, age of the milk, seasonal variations, process equipment
design and more. The main consensus of milk fouling initiation is that of the whey
protein β-Lactoglobulin which constitutes about 0.32% in whole milk (de Jong 1997;
Bansal and Chen 2005a; Bansal and Chen 2006). Table III shows the general
compositions of the constituents in milk.

iv

In order to look for dependence between milk phenotypes and heated surface
alloys, a design of experiment (DOE) was made. The experiment used three types of milk
phenotypes to test for fouling differences. Also, four alloy compositions were also tested
against the milk phenotypes. This produced a three by four matrix of variable
combinations or 3x4 factorial design. It was hoped that these combinations will show a
certain, but repeatable process condition which will produce lower fouling rate versus the
control milk type. The milk phenotypes used in this experiment are phenotype AB-AB
(control), AB-AA, and AB-BB. The phenotype of label before the hyphen was the κcasein phenotype, the label after the hyphen represented the β-Lacto globulin phenotype.
The four metal types tested were stainless steel 304 (control), stainless steel 316, stainless
steel 430, and titanium 6V 4Al. It was not feasible to change out the plates in the pilot
scale milk pasteurizer at the pilot plant at the Dairy Products Technology Center (DPTC),
or to make special replacement plates that exposed each metal to be tested on a single
heat exchanger plate (AOAC-c 1995).
The manufacturing of a complete laboratory scale milk pasteurizer for the study
of milk fouling on metal plates proved to be very successful. The model flow cell heat
exchanger produced high enough quality of milk foulant on the test coupons in
comparison to the large scale fouling layers found in full scale dairy heat processing
equipment. Although generally speaking, there was not a significant technology
breakthrough of using different alloys as the material for the plates in milk pasteurizer
heat exchangers, a method of creating the milk fouling layer on a smaller scale can be
very useful in future works studying milk fouling. The titanium alloy showed a
significantly lower fouling rate, this was probably mostly due to the highly passivated
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surface of the Titanium. It was also seen that the actual breed of cow could have played a
significant role in fouling. The new FCHE model was produced to show the viability of
creating a biofilm or milk fouling layer on any material provided that it is rigid enough.
Microorganisms were also briefly studied on the foulant layer that was produced with the
flow cell. This new approach should provide a basis for new and more advanced research
of the mechanisms and nature of milk fouling in heat processing equipment.
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CHAPTER 1
INTRODUCTION
Milk and other dairy products are widely used in many households today. Milk is
a popular beverage that is seen as a healthy alternative to other synthetic beverages such
as soda pop and other sugar based drinks. It became law that milk, and milk products are
pasteurized before its release to the general public (FDA 2003). Pasteurization is a
thermal process where the intent is to lower the concentration of microorganisms in the
milk to render it safe to drink with heat (Bansal and Chen 2006). With all the thermal
processing of the raw milk, this leads to thermal efficiency degradation of the heat
exchangers used to pasteurize the milk (Bansal and Chen 2006) due to direct fouling of
the heating surface. This study is to find a method to reduce the fouling rate inside
parallel plate heat exchangers commonly used in milk pasteurization.
Michigan’s Department of Agriculture became the first state to pass a statewide
law that milk must be pasteurized on July 1, 1948. “The pasteurization requirements
established by the U.S. Food and Drug Administration and contained in the Grade A
Pasteurized Milk Ordinance, which has been adopted by all 50 states, are recognized
worldwide as the gold standard for milk safety” (Wyant 2002).
The Federal Food and Drug Administration have provisions that all dairy
products that are to be used here in the US have to be pasteurized per the Code of Federal
Regulations Title 21, Volume 131. In section 131.110 it says;
Description. Milk is the lacteal secretion,
practically free from colostrum, obtained by
the complete milking of one or more healthy
cows. Milk that is in final package form for
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beverage use shall have been pasteurized or
ultrapasteurized, and shall contain not less
than 8\1/4\ percent milk solids not fat and not
less than 3\1/4\ percent milkfat. Milk may have
been adjusted by separating part of the milk
fat there from, or by adding thereto cream,
concentrated milk, dry whole milk, skim milk,
concentrated skim milk, or nonfat dry milk.
Milk may be homogenized.

This states that all milk that comes from healthy cows has to be pasteurized per the
heating table given in section, 21 CFR 131.3. The heating table I is given below; data was
taken from the above document (FDA 2003).
Table I. Legal pasteurization time and temperature combinations
Pasteurization Temperature
Pasteurization Time
145 oF
30 minutes
o
161 F
15 seconds
191 oF
1 second
o
204 F
0.05 second
212 oF
0.01 second
In 2001 milk consumption among kids from ages six to 12 reached 28 gallons of
milk per child in a year. In 2003 there has been a slow decline of milk consumption per
capita due to the smaller percentage of children (Miller 2004). California alone has
receipts that show more than a billion dollars for dairy product commodities in 2004
provided by the USDA. Dairy products are well above greenhouse/nurseries, grapes,
lettuce, cattle, and calves (Economic Research Service 2004).
As the requirement of large volumes of milk to be produced each day, large
volume production is needed to heat the milk to the legal temperatures to complete the
pasteurization process. The adopted way to pasteurize milk was first used in the dairy
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industry in 1930s, which utilizes the plate type heat exchanger. This type is still used
today as the main method to pasteurize milk in a continuous flow process (Visser and
Jeurnink 1997). This design of the plate type heat exchanger incorporates a number of
plates, mainly stainless steel, sandwiched together with gaskets that control the flow
direction, and seal the heating water flow with the product flow. The water and milk
flows are then calibrated so that the milk temperature, and residence time meet the FDA’s
specification for pasteurization. An image of the parallel plate type heat exchanger can be
found in figure 1.

Figure 1. Model of a parallel plate heat exchanger. One typically used in the dairy industry
for large volume continuous flow pasteurization. From URL:
http://www.livstek.lth.se/People_list/ulfb/b16_heat.htm#top

As you can see, the plate type design allows for quick cleaning and maintenance which is
a necessity when the product forms a film that limits the heat transfer between the water
and the product or milk. This film formed from the heated milk will now be referenced as
the fouling layer or just fouling. This fouling layer causes the heat exchanger to be taken

3

offline and physically cleaned when the in-situ cleaning procedures fail to maintain
cleanliness of the system (Visser and Jeurnink 1997).
The parallel plate type heat exchanger is usually made from 304 stainless steel
for corrosion resistance from the product as well as the cleaning steps. The grade of
stainless steel might have an effect on the fouling rate of the whole heat exchanger. Could
changing the material alter the fouling characteristics?
Characterization of the fouling layer is the key to understand what it is, and how
to minimize it. The New Zealand Dairy Board has a U.S. patent no. 5,850,804 which
states that the use of a certain cow breed, who’s milk has a certain protein type, can
reduce the fouling rate of the heat exchangers. The protein type referenced is called betalacto globulin which has been found to produce a considerable lower amount of fouling
to heat exchangers. The patent says if a heard comprised completely of one type of cow,
when their milk is pasteurized, the fouling of the heat exchangers will be lower due to the
special type of milk (Hill et al. 1998).
This thesis project is to show proof of theory of generating a fouling layer in the
laboratory which is used to continue the investigation of the modes of milk fouling; this
study is to first produce the milk foulant layer in the laboratory, then to find ways to
minimize it through a design of experiment approach. Two variables that are the most
useful, are alloy used in the heat exchanger manufacture, and the milk phenotype.
A working model of a single chamber plate type heat exchanger was
manufactured by hand for this project and used for data gathering. This model design
allowed for any type of plate to be used to grow foulant layers on. The milk supply
needed was only 2 liters of milk for a single run, which is better than the 15 gallons
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needed to run the experimental heat exchanger in the pilot plant at the Dairy Product
Technology Center. This allowed for a greater flexibility of milk and metal types to be
studied.
The alloys picked for this study are types already used in the industry for the
pasteurization process. Another alloy will be picked for its superior corrosion resistance.
The materials used will be stainless steel 304, 316 and 430, and the exotic alloy Ti 6Al4V, commonly found in the aerospace industry.
The three types of milk used were type AB-AA, AB,BB, and a control type ABAB, where the kappa casein concentration (AB) is to be held constant, and only the beta
lacto globulin (AA, BB, AB) where type BB is has the highest concentration of this type
of protein is to be varied. AB-AA is where kappa Casein is AB and beta lacto globulin is
AA.
If successful, this study will show which conditions where fouling can be
minimized. This would have a dramatic effect on the dairy economy as this study might
provide technology to allow heat exchangers to run longer between cleanings, saving
money with lower down times of each heat exchanger.
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CHAPTER 2
LITTERATURE REVIEW
2.A. Introduction
Fluid milk is the basis for a wide range of products that are used today (Putnam
and Allshouse 2001). In the U.S., 170.3 billion pounds of milk was produced for the year
2003 at 385 commercial fluid handling plants (Miller 2004). Fluid milk has to be
processed and sent to market in at least 1-2 days. Milk spoils quickly and this property
makes it a commodity. In 2002, the state of California showed commodities receipts for
dairy products in the total value of $3,812,371,000 (Economic Research Service 2004).
Typical milk pasteurizer can flow 15 – 100m3/hr (APV 2006). In December of 2001, the
state of Wisconsin had a public outbreak of salmonella poisoning due to the consumption
of raw milk. This small outbreak was found to be the direct cause of drinking
unpasteurized raw milk (Wyant 2002). As stated in section 131.110 in the Federal Code
of Regulation specification in 21- CFR-131, all milk beverage products in their final
packaging form, will have been pasteurized (FDA 2003).
2.B. Milk Fouling Background
Pasteurization is a thermal process in which the milk product is heated to a
defined time and temperature as stated by law to reduce the total number of harmful
organisms in raw milk. The time and temperature of the milk to be considered
pasteurized is 15 seconds at 72oC (Antonelli et al. 2002). The thermal processing is taken
place in a plate type heat exchanger. In normal conditions in the industry, these heat
exchangers used for pasteurization are shut down and cleaned every day due to protein
build up on the heating surface. This buildup is called fouling. The cost of the down time
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for the cleaning of the heat exchangers is large enough for many researchers to try and
find a way to minimize the fouling phenomena (de Jong 1997; Bansal and Chen 2006).
2.B.I. Types of Fouling
In milk fouling, there are two very distinct types of deposits that can be found.
The first type is that is generally called type A deposit. This type is generally protein
based and is soft and spongy, and is formed between the temperatures of 75oC and 115oC.
The other type of fouling is considered to be type B fouling. This type of fouling is
formed at temperatures above 110oC and is mineral based. This fouling layer is hard,
brittle, and hard to clean from the metal surfaces. Type A fouling is the bulk of the
problems that industrial heat exchangers deal with most of the time. This type can form
fast, and create blockages in the pathways inside the exchanger itself and create heat
efficiency issues as well as an increase in pressure drop in the output stream. The
compositional differences can be seen in Table II. (de Jong 1997; Visser and Jeurnink
1997; Bansal and Chen 2006).

Table II. Compositional Differences between Type A and Type B Fouling Deposits

Protein %
(w/w)
Fat % (w/w)
Mineral %
(w/w)

Type A

Type B

50-60
4-8

15-20
4-8

30-50

70-80

Sources: De Jong, P. (1997). "Impact and Control of Fouling in Milk Processing."
Trends in Food Science & Technology 8: 401-405.
Visser, J. and T. J. M. Jeurnink (1997). "Fouling of Heat Exchangers in the Dairy
Industry." Experimental Thermal and Fluid Science 14: 407-424.
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2.C. Mechanism of Fouling
The buildup of organic and inorganic matter onto a metal surface from the
constant heating of the milk on a stainless steel surface is called fouling. The exact mode
on which the fouling layers nucleate and grow is unknown by the date of this writing.
Milk fouling has been around as long as the pasteurization process. (Visser and Jeurnink
1997) Fouling rate is related to a function of variables. Fouling rate is a function of milk
type, time, and temperature, age of the milk, seasonal variations, process equipment
design and more. The main consensus of milk fouling initiation is that of the whey
protein β-Lactoglobulin which constitutes about 0.32% in whole milk (de Jong 1997;
Bansal and Chen 2005a; Bansal and Chen 2006). Table III shows the general
compositions of the constituents in milk.

Table III. Constituents of Milk
Constituents
Water
Total Solids
Proteins
Lactose
Minerals
Fat
Proteins
Casein
β-Lactoglobulin
α-Lactalbumin

Average Concentration
(%)
87.5
13
3.4
4.8
0.8
3.9
3.4
2.6
0.32
0.12

Source: Bansal, B. and X. D. Chen (2006). "A Critical Review of Milk Fouling in
Heat Exchangers." Comprehensive Reviews In Food Science and Food Safety 5: 27
- 33.
The β-Lacto globulin protein is not the first protein to denature under the pasteurization
process, but it is the first protein to be permanently denatured, α-Lactalbumin denatures
8

first, but denaturization can be reversed once the temperature is decreased. The
denaturization of the β-Lacto globulin is said to be the initiator of milk fouling.
Experimental results have shown that the fouling rate is directly proportional to the
denatured β-Lacto globulin concentration in heat exchanger fouling. (de Jong 1997;
Visser and Jeurnink 1997; Murray and Deshaires 1999; Georgiadis and Macchietto 2000;
Sawyer and Kontopidis 2000; Petermeier, Benning et al. 2002; Novy and Zitny 2004;
Bansal and Chen 2006).
2.C.Ι. β-Lacto globulin
Once any surface is in contact with fluid milk, its surface is almost immediately
covered with mono layer of protein. This initial layer is said to be the starting block of
fouling in heat exchangers. It is well known that β-Lacto globulin plays a significant role
in milk fouling of heat exchangers. Direct evidence of this can be seen in many papers
that investigate the fouling layer as well as in experiments. Appendix II shows a SDSPAGE experimental results of the protein make up of the fouling layer (biofilm) and raw
milk samples. This image clearly shows large concentrations of both κ-casein and βLacto globulin proteins (Miralles, Rothbauer et al. 2001; Ghashghaei 2003).
β-Lacto globulin is a complex whey protein that is thermally unstable. At
temperatures above 65oC, the protein structure unfolds and becomes permanently
denatured (de Jong 1997; Visser and Jeurnink 1997; Novy and Zitny 2004; Bansal and
Chen 2006). Figure 2 shows the structure of β-Lacto globulin.
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Figure 2. Tertiary structure of the β -Lacto globulin molecule. When the
protein denatures and unfolds, this exposes the S-H functional group in the
center. This functional group is capable of forming polymers of the protein
through the S-H bond (Visser and Jeurnink 1997).
When the protein is unfolded, this is due to the break down of the hydrogen bonds with in
the molecule due to heat energy. This exposes the of the sulphydryl group which was
buried inside. This sulphydryl group is capable of making further disulphide bonds with
other sulphydryl groups. This sets up the polymerization reaction that is commonly found
with milk fouling layers. The polymerization continues as the bulk concentration of βLacto globulin is constant. The process does terminate eventually, but most of the time
the process has created a small aggregate of protein from either in the bulk fluid or at a
surface. Aggregates that are formed and stick to the surfaces in a heat exchanger are said
to be the cause of the fouling. Figure 3 shows the formation of foulant layers onto a
stainless steel surface. (de Jong 1997; Visser and Jeurnink 1997; Bansal and Chen 2006)
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Figure 3. Aggregate formation model on milk fouling in heat exchangers. The βLacto globulin becomes activated by denaturization and is capable of forming
polymers with other denatured β-Lacto globulin. k-caseins can also get adhered to
in this process. This is seen from the high concentration of k-caseins in the foulant
layer in the SDS-PAGE image in Appendix II. This is the basis of milk fouling.
(Visser and Jeurnink 1997).
2.C.II. Role of Calcium in Fouling
Calcium phosphate is the main mineral constituent of milk fouling. It plays a very
important role in the entire milk fouling process. The calcium first starts out as ions in
solution inside the bulk of the milk. Them the calcium ions group together forming
aggregates through several chemical changes while in the bulk solution. The final form of
the calcium compounds are the thermodynamically stable form of calcium phosphate,
calcium hydroxyapatite. The aggregates in the bulk grow, and become adsorbed onto the
heating surface through turbulence inside the heat exchanger. It is said that Van der
Waals forces can be the force that bonds the calcium phosphate to the heated surface. The
calcium particles continue to adhere to the surface , and grow once they have adhered.
(Visser and Jeurnink 1997; Rosmaninho, Rizzo et al. 2004).
2.C.III. Bacterial influences to fouling
It was once thought that the bacteria commonly found in milk had a significant
influence to the fouling in milk processing plants. One study looked at the adhesion rate
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of the bacteria (Bacillus stearothermophilus)to the stainless steel surface, with changing
bulk cell concentrations and fouling layer thickness. It was found that the adhesion of
bacteria was increased only by increasing the bulk cell concentrations, and with
increasing fouling layer thickness. The ratio for the rate of bacterial adhesion on the
fouling layer versus the bare stainless steel surface was 10:1 (Hinton, Trinh et al. 2002).
As the increase in probabilities of attachments of microorganisms to the newly formed
foulant layers on a metal surface, it increases the danger of supporting the growth of
pathogenic bacteria species in milk processing equipment. Large layers of biofilm have
been studied for many years, but small mono layers of biologically active films could be
over looked and cause material failure caused by microbial induced corrosion (MIC)
(Bressel et al. 2003). These bacteria can contaminate the processing equipment as well as
the product being processed. The mode the bacteria use to attach them selves is to go to
an area where milk fouling has started to form. This location has a rich supply of places
for the bacteria to grow. These bacteria on the porous milk fouling layers can be flushed
to other parts of the processing equipment with great ease (Yoo and Chen 2002). It is also
thought that if the main method of destroying the viability of dangerous bacteria in the
milk supply fails at some point due to fouling of the heat exchangers, then there is a
possibility that an un-natural bacterial contamination can also get through and poison a
large portion of the population due to the ineffectiveness of the pasteurization process
from fouling (Labuza 1997).
2.D. Alternative Pasteurization Methods
There are a few different ways to look at how to reduce fouling. One U.S. Patent
(5,850,804) says that its study shows that there is a significant association of the
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phenotype of the β-Lacto globulin and to the fouling rate in milk processing equipment.
The patent shows that the β-Lacto globulin BB phenotype shows much lower fouling rate
than other phenotypes of β-Lacto globulin. (Hill et al. 1997; Hill et al. 1998) This says
that if a dairy farm were to setup a complete heard of cows to give the phenotype BB βLacto globulin in their milk, then the processing equipment that will process that milk
will show significant lower fouling rates than other milk types.
2.D.I.Ohmic Heating
Ohmic heating has been looked at in a new way to transfer heat energy to the milk
in a different way than the conventional hot water method. Ohmic type heating is used
where dairy mixtures of product have to be pasteurized but can not be treated in
conventional plate type heat exchangers. Ohmic heating has shown to reduce the overall
fouling of the equipment, but the fouling rate is still very dependant on the internal
turbulence of the flow system (Ayadi, Bouvier et al. 2004). Ohmic heating process also
lends to the in situ monitoring of the foulant layer and also the cleaning efficiency. This
method uses electrical resistance to measure the presence of the fouling layer and its
buildup rate. Cleaning rate can also be measured in the same method as the resistance
effect will be reversed for cleaning. Once item that has been seen with the ohmic cell
experiments is that the larger the temperature difference between the milk inlet
temperature and the electrode temperature (Chen, Li et al. 2003; Ayadi, Benezech et al.
2005; Bansal, Chen et al. 2005b).
2.D.II. Pasteurization Process/Hardware Changes
Milk fouling rates have been studies in reference to solution pH, calcium
concentration, protein concentration, dissolved air, fluid turbulence in the heat exchanger,
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age of milk, and seasonal influences (de Jong 1997). If the process were to setup a
condition of high shear stress at the wall boundary of the heat exchanger, then this will
reduce the fouling rate (Novy and Zitny 2004).
To change the direct heating surface properties is another way researchers have
thought to help reduce the fouling rate. Modified stainless steel surfaces were coated with
diamond like carbon (DLC), Silica, SiOx, Ni-P-PTFE, and ion implantation (SiF + MoS2)
and a few other materials. All surface modifications had no direct positive result on
changing the fouling behavior or rate. The only change was the Ni-P-PTFE surface made
cleaning a lot easier, and the fouling rate on the DLC showed to be about half (Beuf,
Rizzo et al. 2004; Santos, Nylander et al. 2004; Rosmaninho, Rizzo et al. 2005). Further
study of the calcium in the foulant layer can be further investigated with a scanning
electron microscope to view the structure of the calcium and proteins (Ramachandra,
Wiehe et al. 2005).
2.E.In Situ Measurements of Milk Fouling
Production of milk and its products all involve some heating step at some point.
Plant efficiency is a function of many variables, and down time for cleaning is a very
important one. If a plant manager had the ability to know exactly when a heat exchanger
needed to be cleaned by the use of a sensor, then productivity can be increased a small bit
due to the fact that all milk is not the same and some batches require more cleaning and
others do not. A few methods have been developed to show an in situ method to measure
fouling conditions in milk processing. These techniques are still in laboratory phases and
need more work to transfer the technology to full production (Withers 1996).
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Quartz crystal microbalances (QCM) have been used to help understand the
fouling rate and mechanism during milk fouling. It was seen to be difficult to make a
dependency of frequency and foulant thickness. This method was sensitive to the
adsorption, desorption, and heating effects that went on inside the pasteurization process.
Further technology work needs to be done to make this type of in situ monitoring viable
in full production (Murray and Deshaires 1999).
2.F. Criticisms
Milk fouling is a significant issue with processing plants where the processed
milk products create a situation where thick protein layers form and inhibit the thermal
processing to be done efficiently. A U.S. patent shows that if a herd of cows of the same
β-Lacto globulin phenotype were to be created, then the processing of that milk will
show lower fouling rates of other milk types. In reality, to create the heard of cows is
easy enough to do with the technology of today, to say that it will fix the fouling issue is
a bit naive.
Milk fouling has been correlated with many processing variables as well as
chemical properties as well. Milk fouling rates have been studies in reference to solution
pH, calcium concentration, protein concentration, dissolved air, fluid turbulence in the
heat exchanger, age of milk, and seasonal influences (de Jong 1997).
2.G. Cleaning
The fouling of the heat exchangers can be directly affected by the cleaning steps
and procedures that were done to the heat exchanger before the processing starts. Some
industries only clean their equipment to the point where the process parameters have
returned back to normal. This leaves the issue that the equipment is not completely clean
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and further fouling can continue at an accelerated rate from it. Some other industries
require a tighter level of cleanliness due to cross contamination issues with the product.
(Wilson 2004). Many cleaning chemicals have been developed to help clean in place the
foulant deposits inside the dairy processing equipment. It was tested that these chemicals
are very important to the cleaning cycle as the replacement of water did not show and
cleaning properties. This shows that fluid shear forces alone are not enough to clean the
protein deposits off (Christian and Fryer 2004; Liu, Zhang et al. 2004). The chemical
mode of cleaning is the use of sodium hydroxide to “swell” the protein deposit and allow
it to be flushed away by the fluidal shear forces. The NaOH is said to break away the
disulfide bonds and break up the biomass while cleaning. This is only successful at
solution pH levels below 13. pH levels above 13 have been seen to strengthen the protein
structure and lower the cleaning rate significantly (Bode, Hooper et al. 2005; MercadePrieto, Chen et al. 2005a). A new type of cleaning has been in development in the
laboratory. This new method uses an electrochemical method that provides and in situ
cleaning method. This process is very similar to the ohmic heating setup, but uses a
different type of power supply to setup the electrochemical reactions. Basically the plates
of the heat exchanger are energized and the evolution of hydrogen and oxygen aid in the
cleaning of fouled metal surfaces (Lindsay and Holy 1997; Karlsson, Wahlgren et al.
1998; Chen, Ozkan et al. 2004).
2.H. Creating Milk Fouling in the Laboratory
To grow the same type of fouling layer as seen in the milk industry is strategic to
this study. The Dairy Products Technology Center (DPTC) at Cal Poly State University
did have a pilot plant with all the necessary hardware to create fouling layers.
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Unfortunately the scale was too large for this study. Replacement alloys to be tested also
proved to be a challenge as new full scale heat exchanger plates had to be made. To get
around this, the idea to create a small scale, single channel flow cell to model the full
scale pasteurization process was from reading many papers whose studies are similar in
scope (de Jong 1997; Hinton, Trinh et al. 2002; J.A.W., R. et al. 2004; Novy and Zitny
2004; Bansal and Chen 2006). After the flow cell was designed and manufactured, it
was tested against the fouling type as found in the whole milk run in the paper reviewed.
When the foulant pattern was the exact same as that in the paper, then the flow cell was
considered working (Hinton, Trinh et al. 2002).
2.H.I. Measuring Milk Fouling
To measure the level of fouling inside a heat exchanger, a parameter is needed to
be observed. There are many important parameters that effect milk fouling such as milk
pH, temperature, protein concentration, and phenotype, etc (de Jong 1997; Hill, Boland et
al. 1997; Visser and Jeurnink 1997). Obtaining the actual weight of the fouling layer
inside of a heat exchanger is very important to the study of milk fouling. This direct
measurement is needed to know the level of fouling inside the heat exchanger, relative to
time resulting in the fouling rate. To measure the weight of a protein layer can be slightly
difficult due to its complex shape and compositions. The best way is to get a dry weight
basis for the foulant layers. Then only the protein, minerals, fats, and other material that
is not water can be included in the study. This dry weight basis measurement has been
used in many studies, and is the basis of this study (Beuf, Rizzo et al. 2004; Santos,
Nylander et al. 2004; Rosmaninho, Rizzo et al. 2005).
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2.H.II. Percent Moisture in Foulant
To measure the degree of gel formed when the fouling occurs, percent moisture is
well suited. This measurement says how much of the foulant material is made up of
water. The larger the water content, the larger volume the foulant layer will take up due
to the nature of a gel. Protein gels are normally formed in the milk industry in the
manufacture of yoghurt and cheese. These gels are primarily made up of milk particles
and casein micelles that have bound together with each other (Lucey 2002). The fouling
layer formed in heat exchangers has a similar protein gel structure, and a little bit more
knowledge about the fouling layer can be known with this property.
2.H.III. Milk Mineral Content
As previously discussed, minerals that are normally present in the milk product,
play a large enough role in the formation of the fouling layers that it can not be ignored.
The mineral content in the type A foulant layer has experimentally been found to be
around 30% to 50%, and for the higher temperature foulant species, type B, 70% - 80%.
In both types of fouling, there is a significant mineral content (Visser and Jeurnink 1997;
Rosmaninho, Rizzo et al. 2004; Bansal and Chen 2005a).
2.H.IV. Total Solids in Milk
The total solids in the milk as well as the fouling layer are important to have a
well characterized foulant. Measurement of this parameter of before and after the
processing can help identify the mode of formation. The total solids in the milk include
all the types of the proteins in the milk including, κ-casein, β-Lacto globulin, and αLactalbumin. Another solid commonly found in milk that has not been discussed yet are
the sugars. The main sugar in milk is lactose. The last constituent of the total solids are
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the minerals. A good understanding of all the constituents of the milk product before and
after processing will help with the characterization of the foulant itself, and hopefully the
process of fouling in total (Bansal and Chen 2006).
2.H.V. Milk Fat Content
It is unknown exactly the role that fat plays in the mechanisms of milk fouling in
heating equipment. Fat has no differences in the makeup of the fouling layer as seen
experimentally. The amount of fat inside the fouling layers did not change for the type of
fouling either type A or B, around 4% - 8%. It is assumed that the fat gets trapped in the
growing foulant layer and is not a major constituent (Visser and Jeurnink 1997; Bansal
and Chen 2006).
2.H.VI. pH Effects on Milk
The measurement of the concentration of acid ions is a very important parameter
to look at while investigating the modes of whey protein fouling. The two major whey
proteins in milk are β-Lacto globulin, and α-Lactalbumin. At low pHs, <2.0 , the β-Lacto
globulin molecule forms small aggregates in the solution upon heating, but the sulfur to
sulfur bond is mediated with the excess hydronium ions. This situation does not produce
much fouling due to the electrostatic repulsion of the protein and the stainless steel
surface. At pH levels around β-Lacto globulin isoelectric point ~pH = 4.65, the protein
forms large aggregates and precipitates in large amounts due to the lack of electrostatic
repulsion barrier. This produces the large deposit found in running heating processes
under these pH levels. In the pH range of 5.5 – 6.5, the β-Lacto globulin protein is
dissolved into the solution. When the solution is heated, the molecule unfolds and
exposes the reactive S-H group from the center of the molecule and the protein is said to
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be active at this point. The protein will react with other β-Lacto globulin molecules and
create larger and larger particles that eventually precipitate and form turbid protein gels.
This is the basis of the fouling of heat exchangers in milk processing. pH levels about 6.5
show a diminishing level of β-Lacto globulin activity due to a proposed increase in thiol
activity. pH above 8.0 completely prohibits the formation of the fouling layers on a
stainless steel heating surface. (Visser and Jeurnink 1997)
2.I. Stainless Steel Characterization
The fouling of a stainless steel surface by heating in the presence of a milk fluid
has been characterized by this point by organic chemistry methods only. The other half of
the entire fouling issue is the metal surface itself. Characterizations of the heated metal
surface are very important to the entire knowledge of fouling modes. There have been
many experiments looking at the surface of the plate heat exchangers. Most of them tried
to find a coating to the stainless steel to help limit the fouling rate or even try to prevent
it. Most of those experiment showed that the fouling rate did not depend on the plate
material that they chose and saw limited results. The results also showed that the effect of
temperature of the heated surface was the most critical parameter and not the underlying
material that was tested (Beuf, Rizzo et al. 2004; Rosmaninho, Rizzo et al. 2004; Santos,
Nylander et al. 2004; Bansal and Chen 2005a). Since it was proven that changing the
material on the surface of the heat exchanger did not show any significant change in the
fouling rate from the materials that were selected, then a more in depth characterization
of the material used to make the heat processing equipment is needed. Maybe this
information will be useful to help explain the mode of milk fouling.
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2.I.I. Metallography
Metallography is a method of looking at the microstructure of a metal or not
metal. Metallography is important in the field of Materials Science and Engineering to
help look at a material and its structure. Most of the time, it is this structure that forms the
basis of the bulk properties a material has, and it is these bulk properties that designers
use to make a material selections for the parts they design. Metallography can also be
used to help find out why a part has failed in the field. These techniques along with others
are helpful tools that find out why bridges fall down, or airplanes crash.
Metallography is a destructive technique that requires the material to be
characterized to be cut, mounted, and polished to a mirror finish. Then the sample is then
observed under an optical or electron microscope to observe the micro structure. Later the
sample is chemically etched to show the boundaries of the metal crystals themselves, or
other materials that might be present in the sample. The sample is once again viewed with
the preferred microscopy method to characterize the material. Crystal size, orientation,
and form, can all easily be seen with this method. Also, most of the time, the past
processing history of a particular material can also be identified through this method
making metallography a very important technique in characterizing the metal plates used
in heat exchangers for dairy processing (ASM-b 1972; ASM-a 1973; ASM-c 1974; ASMf 1979; ASM-e 1980; ASM-d 1986).
2.I.II. Optical Microscopy
Optical microscopy is used when the features that need to be looked at are larger
than about one micron in width. Then technique uses optical light from either poly
chromatic light from an incandescent bulb or monochromatic source such as an arc lamps
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or lasers. Monochromatic light is best used for high resolution techniques due to the issue
of chromatic aberration that polychromatic light suffers from. Chromatic aberration is the
fuzziness of an edge being observed due to the light wavelength dependency of the optics
used to make the microscope. Mono chromatic light reduces this effect and creates a
sharper image for the observer, allowing the viewing of smaller features. The light is then
either sent through the sample being looked at, or bounced off the surface of the sample.
Metallography uses the later. The use of lenses and light tubes create the amplified image
that is focused on the retina of the human eye or the surface of a CCD camera (ASM-b
1972; ASM-a 1973).
2.I.III. Scanning Electron Microscopy (SEM)
The electron microscope has the same basis of theory of operation similar to that
of the optical microscope, with only one difference; it uses electrons instead of light. The
use of electrons enhances the capabilities of the SEM that were limitations of optical
means. Optical microscopy magnification power is limited to the quality of the optics
used as well as the actual wavelength of light. The smaller the wavelength of the light
used will allow the microscope to see closer in to the sample. The wavelength of the
electron beam used in the SEM is many orders smaller. This small wavelength of the
electron allows the SEM to see features as small as 2 to 5 nm in diameter with the current
technology. There are a few drawbacks of using the SEM with biological samples. The
SEM requires a high vacuum to operate properly. Most biological samples have quite a
lot of water in them and will be unfit to enter the sample chamber of a normal SEM. To
accommodate such samples, a particular treatment has to be done with them to allow the
drying process does not destroy the object being looked at. Second the sample surface has
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to be made electrically conductive to alloy the electrons a path to ground. After these
steps, the SEM can look at almost anything at extremely high magnifications (Goldstein,
Newbury et al. 1992).
2.I.IV. Energy Dispersive X-Ray Spectroscopy
The basis of the electron microscope is that it bombards the surface of a sample
with high energy electrons. The physics of these events dictate that x-rays are to be
produced by the material being struck by energetic electrons. These x-rays are produced
when the inner shell electrons of the sample atoms are knocked off by the energetic
electron beam. This results in a cascade of electrons that jump from the lower energy
levels in the atom to fill the inner shell electron “hole” that was created by the earlier
bombardment. The energy released when the “hole” is filled is in the form of
electromagnetic radiation with the frequency related to the energy level of the “hole.”
Each atom type has a different energy associated with the inner shell electrons, which
means that every atom type has a unique frequency associated with this bombardment.
The characteristic frequency of the electromagnetic radiation is in the form of x-rays.
Detectors have been made to be added to the formal SEM hardware to sense and measure
the frequency of the characteristic radiations. This detector is known as X-Ray Dispersive
Spectroscopy or XPS. XPS is used to identify the material atom type that is being
observed under the SEM. This is very helpful in determining the composition of
unknown materials inside a sample (Goldstein, Newbury et al. 1992).
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CHAPTER 3
METHODS AND MATERIALS

3.A Heat Exchanger Design
In order to look for dependence between milk phenotypes and heated surface
alloys, a design of experiment (DOE) was made. The experiment used three types of milk
phenotypes to test for fouling differences. Also, four alloy compositions were also tested
against the milk pheno types. This produced a three by four matrix of variable
combinations or 3x4 factorial design. It was hoped that these combinations will show a
certain, but repeatable process condition which will produce lower fouling rate versus the
control milk type. The milk phenotypes used in this experiment are phenotype AB-AB
(control), AB-AA, and AB-BB. The phenotype of label before the hyphen was the κcasein phenotype, the label after the hyphen represented the β-Lacto globulin phenotype.
The four metal types tested were stainless steel 304 (control), stainless steel 316, stainless
steel 430, and titanium 6V 4Al. It was not feasible to change out the plates in the pilot
scale milk pasteurizer at the pilot plant at the Dairy Products Technology Center (DPTC),
or to make special replacement plates that exposed each metal to be tested on a single
heat exchanger plate (AOAC-c 1995).
A model was manufactured special for this DOE to simulate the conditions inside
a single compartment of a commercial grade plate heat exchanger. A 3.0” x 2.0” x 1.5”
block of aluminum was machined by hand so that a sample plate of dimensions, 2.5”
x1.6” x 0.030” could be bolted in the middle of the hollowed out aluminum block,
separating the two compartments (water and milk) by a rubber gasket. The plate was held
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in by six 4x40 stainless steel screws with washers. A drawing of the sample plate and
gasket is seen in figure 4, note all alloys were made to the same specification for size,
thickness, and surface roughness. All sample plates were polished ending with 600 grit
silicon carbide paper.

Figure 4. Plate design and complimentary gasket for the sample plate.
Two compartments were formed on each side of the sample plate; this produced
two channels where heated water and milk could be flowed into without mixing. Each
compartment was then sealed off with a rubber gasket and a carbon fiber plate held
together by six 4x40 stainless steel screws with washers. The fluid inlet and outlet holes
were then drilled so that both the water and the milk inlets would be at the bottom of the
model heat exchanger and the outlets at the top. Milk and water inlets were drilled on
opposite sides to allow for a counter current flow during normal operation. The inlet and
outlets were tapped so that the installation of brass pressure nipples could be screwed into
them with a Teflon gasket. The pressure nipples were matched to allow the insertion of
3/16” Teflon tubing for the routing of the milk and water to and from the heat exchanger.
Temperature monitoring inside the heat exchanger was important during
calibration stages, and providing feedback on the health of the system. On opposite sides
of the top, two holes were drilled and tapped for ¼” x 20 stainless steel screws that were
hollowed out to allow the passing of a type k thermocouple wire and sensor. The screws
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were then sealed by epoxy to stop any air leaks into the system. Figure 5 and Figure 6
shows a drawing of the top, side and left edge views of the model heat exchanger.

Figure 5. Drawing of the side views of the FCHE showing labels.

Figure 6. Image of inside the water side of the FCHE, showing the installed
sample plate, fluid handling tubing, and water thermocouple sensor.
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The milk and water pathways were created by 3/16” Teflon tubing that went form their
respective fluid holding tanks to the inlets on the bottom of the heat exchanger. The hot
water tank was provided by a 4000 mL Pyrex filter flask with a large rubber stopper that
sealed the tank. Holes in the rubber stopper allowed for the passing of the water outlet
and water return lines as well as a thermocouple sensor that measured water temperature
for the feedback of the hot plate temperature controller. The milk tank was a Mallory
2000 mL beaker with a special flat top without a pouring lip. The beaker was sealed by a
Teflon plate of thickness 0.25 inches and a carbon fiber plate and held down by a large
piece of copper block by gravity. The two plates sealed the water vapor from leaving the
tank as well as allowed the passing of the milk outlet and return lines as well. A third
hole was drilled so that a pH/temperature probe could be installed to monitor the
conditions of the milk inside the heated tank. A special cut out was made in the Teflon
top to allow the passing of the RTD temperature probe for the hot plate temperature
controller.
3.A.I. Fluid Handling
The outlets of each fluid were then directed from the flow cell heat exchanger
(FCHE) to a Cole Parmer computerized drive Masterflex peristaltic pump and back to the
tank. Flow rate on pump was set to 60 rpm. The pump was put on the outlet side of the
heat exchanger so that there was minimal loss of heat from the hot water or milk to the
FCHE. Insulation was also added to the hot water inlet side tubing of the FCHE to
minimize heat loss, a differential temperature inside the heat exchanger and the water
tank was kept at 7oC. This was the fully warmed up starting condition of each
experimental run. A schematic of the fluid pathways can be seen in figure 7.
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Figure 7. A schematic of the fluid flows of the FCHE model.
3.A.II.Temperature Control
Temperature monitoring and control was an important variable, the hot water tank must
be kept as high as possible without the fear of boiling, and producing dangerous high
water pressures that could cause a large water leak of hot water in the laboratory. The
milk must also be kept above the incubation temperature of the natural microbiological
flora inside raw milk. The temperature of the milk runs was chosen to be 72.5oC.
Temperature control for water and the milk was accomplished by matching Cole Parmer
RTD proportional temperature controllers, and platinum RTD sensors. The sensors were
places in close proximity to the fluid outlets form the wafer and milk tanks. The
controllers applied power directly to the hot plate heating elements as to hold a preset
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temperature value inside the tank. Figure 8 shows the sensor diagram of the FCHE
model, showing the hot plate temperature control, heat exchanger temperature
monitoring, and milk tank pH and temperature. It was found for the water calibration set
to 90oC after equilibrium was reached, maximum temperature was 92.5oC and the
minimum value was 88.3oC This shows the variability of the water tank to be +/- 2.5oC.
Equilibrium was reached after 200 minutes in the system. (Appendix III)
The milk calibration run was found to have a maximum milk tank temperature of 52.4oC,
and the minimum temperature of 49.5oC for a set point of 50.0oC. This shows the
variability of the temperature to be +/-1.45oC. Equilibrium was reached after 120 minutes
for the milk system. (Appendix III)

Figure 8. Temperature control schematic. This includes the energy sources and
feedback loops for the heater controllers.
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3.A.III. Safety/Power
Safety of the operation of the FCHE model was taken very seriously when
designing the heat exchanger system. Fluid outlet lines took the fluid from the heating
tank at one inch below the top of the fluid level. If a leak in the system were to show up,
a minimal amount of fluid would be pumped out onto the counter top. Top feeding was
applied to both water, and the milk tanks. All power cords were shielded from direct
contact with high temperatures as well as radiant heat from the hot plates, and fluid tanks.
Heat shields were installed around the entire water tank and partially on the milk tank to
minimize heating of the nearby equipment. A high temperature release mechanism was
installed on the water tank to prevent the buildup of pressure in the event of the
temperature controller failure. A wiring diagram for electrical power is shown in figure 9.

Figure 9. Electrical power hookup of the FCHE model.
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3.B. Heat Exchanger Calibration
3.B.I. Temperature Controllers
After the milk pasteurization FCHE model was designed and manufactured, time
was needed to be spent calibrating the model so that optimum, and reliable results could
be obtained. Calibration was first done on the temperature controllers and heated tanks.
Information on their characteristics was needed for system reliability. 4000 mL of water
was introduced into the water tank flask and set on top of the hot plate with the
temperature controller attached. The set point on the controller was set for 90oC and the
water was allowed to stabilize. Time and temperature measurements were recorded at
irregular intervals for a total time of 400 seconds. A calibration curve was plotted and can
be seen in Appendix III. The milk temperature controller calibration was similarly done
except the set point for the milk tank was set to 50oC. Its calibration curve can be seen in
Appendix III.
3.B.II. FCHE Calibration Heating Water System
Once the temperature controllers have been calibrated and trusted, the operation
of the entire system was then needed to be calibrated. Optimum times, temperatures, and
flow rates for enough milk foulant to be formed on the sample plates to be analyzed was
unknown for accurate quantitative measurements. The water temperature for each run
was set as high as possible before boiling of the water tank would occur. Hot water was
pumped through the system to check for leaks and pumping stability, maximum water
temperature was recorded and the plumbing changed so that eventually an optimum
temperature differential of 7oC between the hot water tank and inside the FCHE model
was achieved with the water system.
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3.B.III. FCHE Calibration Heated Milk System
The milk tank and pumping system was next to be calibrated. Tank temperatures
ranging from 35oC to 95oC were tested. The optimum operating temperature was then
found with milk stability as the main criteria for selection as well as the incubation
temperature for the bacteria inside the raw milk. Original polyethylene tubing was
quickly found to be a poor choice and quickly replaced with a higher temperature PTFE
tubing of same inner diameter of 3/16”. The peristaltic pump characterizations were
checked, silicone Masterflex tubing L/S 16 was used in the pump head assembly. The
pump tubing had an inner diameter of 1/8’. The maximum pumping speed for the pump
was found to be the best, which was 60 rpm which produced the lowest temperature
differential in the hot water system.
3.B.IV. pH meter calibration
The pH meter was calibrated per the instructions of the Orion 520A pH meter
with three buffer solutions, 4.01, 7.00, and 10.01. The calibration slope was maintained to
be above 90.0 during calibration. Temperature corrections were done when needed for
milk runs. The thermocouple meter did not require any calibration for type k
thermocouples.
3.C.Heat Exchanger Operation
3C.I. Water and Milk Tank Initialization
The water tank was filled with 4 liters of deionized water; the rubber stopper
replaced and allowed to heat up on the hot plate until it reached about 80oC under the
temperature controller’s control. Changing the temperature controller’s set point was
accomplished by flipping a switch on the front panel of the controller and rotating the
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knob until the set point temperature desired was displayed. Water was then added again
to the flask to top off the water level. This allowed more care to be taken to prevent over
flowing of the water in the tank due to thermal expansion. The water tank was then
heated up to the running temperature of 99.0oC. The dial on the hot plate heating element
control was set to #8 on the front panel. Heating time for initial room temperature water
was about 1 hour. In normal operation the water tank would be left idle at 80oC which
allowed for a quicker heating time to operation temperature between experimental runs.
A small amount of water was added to bring the level back to normal, due to evaporation
of the previous experimental run.
If the water in the heating water tank was fresh, then degassing of the water had to
be accomplished. To accomplish this, all that was needed was to boil the water for about
a half hour with the system pump off; the rubber stopper is just sitting on top and not
sealing the top so that pressure will not build up. Care must be taken not to boil water
over the side of the flask as it could pose as an electrical shock hazard as well as possibly
break the Pyrex flask. Boiling chips were added if boiling was too violent during the
degas stage.
The milk tank was prepared by properly cleaning the tank, and obtaining milk
samples for the experiment. The control milk was taken the accumulation tanks from the
working dairy at Cal. Poly. This was milk from previous cow milkings, and could be
about half a week old. This was the type AB-AB milk. The two other types of milk were
obtained by selectively milking of the appropriate cow so that the correct phenotype of
milk could be obtained. The milk from a single cow was stored in a stainless steel milk
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jug and stored in a cold refrigerator at the creamery. 2 liters of milk was required for each
experiment run.
The milk for each run was added to the heating tank sitting on top of the hot plate.
A magnetic stir bar was then added and allowed to spin at the setting of #3.5 on the front
dial on the hot plate. The motor of the stir bar was separately connected to the AC power
so that the controller would not shutdown the agitation of the milk when the milk
temperature was at, or above the set point. This ensured agitation of the milk 100% of the
time during an experimental run. The hotplate dial for the milk was set to #4 and the set
point of the temperature controller was set to 73.5oC. This allowed for a smoother heating
of the milk, and minimized the temperature over shoot. Heating time until operation was
about 30-45 minutes for the milk.
3.C.II. Sample Plate Preparation
During the heating of the milk in the tank, it was good timing to load the metal
sample into the FCHE. Usually during startup, the heat exchanger was partially
disassembled from the previous experiment. The milk side seal plate, thermocouple, and
sample plate had all been removed and cleaned from the previous run. A new clean
sample plate was then installed, and checked for leaks.
Leak checking the seal between the milk side and the water side was
accomplished by loading a small amount of water onto the sample plate completely
covering it with the top plate off. This was done when the model was on its side and
opened. Positive pressure was introduced into the empty water side by blowing on the
tubing while holding the other tube sealed. If bubbles were seen coming through or under
the sample plate then the screws were tightened in that area. If the screws could not be
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tightened enough, then a new nylon washer was installed under the screw. In rare
occasions a new gasket was made for the sample plate.
Once any leaks were dealt with, the top plate and thermocouple was installed.
Another pressure test was done on the milk side with all of the tubes and exchanger under
water except the one with pressure being applied to it. The other milk side tube was
sealed. If no bubbles were seen then the unit was dried and readied for installation to the
system.
The FCHE model was then inserted onto the lower thermal insulation piece on a
flask stand. All of the tubing was hooked up with 2 inch pieces of the Masterflex tubing
being used for the pump. The tubing was made from silicone and made excellent
temporary seals for the PTFE tube connections. The top insulation was then installed and
the entire FCHE model was then thermally insulated and ready for the experiment.
3.C.III. System Initialization
Once the water tank has been filled, degassed, and topped off, the water system
needed to be tested for leaks and stability. With the thermocouple meter hooked up to the
water sensor in the heat exchanger, the water was then pumped through the FCHE, and
the temperature was monitored. Milk was not allowed to pump through, by not hooking
up the milk inlet tube to the tank. When the temperature of the water inside the exchanger
was about 7oC lower than that of the tank, the heating water system was ready for
operation. The water system was allowed to stabilize for about a half hour before the milk
pumping started.
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3.C.IV. Start of Experimental Run
With the milk at temperature, tubing to the FCHE was then hooked up. Part of the
milk tank outlet tube was a graduated pipette and the time for the milk to pass a certain
volume was then recorded. This was the milk flow rate. The time the milk hit the FCHE
was the start time for the experiment. Milk and water was allowed to flow in opposite
directions for the full length of the experiment. The run time was found to be best for 12
hours. Temperature of the water tank and inside the heat exchanger was recorded for the
start and ending of the experimental run. Total solids of the milk sample were also taken
at this time, and at the end of the experimental run. pH and probe temperature was
recorded for the start and final condition of the experiment. Two 50 ml centrifuge vials
were filled with the milk sample and labeled with the information unique to that run.
These are the start conditions of the milk, and used for analytical chemistry experiments
to determine fat, total solids, and mineral content for that milk type. The milk samples
were frozen until they could be analyzed later.
Water flow rate was recorded with the water line severed after the experiment and
the time to fill a graduated cylinder with a known volume. This was only done a few
times when pump tubing was changed to verify the same water flow conditions.
3.C.V. End of Experiment
Near the end of the experimental run, water and milk tank temperatures were
recorded as well as the temperatures inside the heat exchanger were also recorded. The
mark of the end of each experimental run was the time recorded when the water outlet of
the tank was pulled out from the top of the flask. The water was then allowed to be
pumped back into the tank until the lines were cleared of water.
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Two more 50 ml vials were filled with the ending milk conditions for further
chemical and physical analysis. These samples were uniquely labeled as ending samples
for each trial. The samples were also frozen until analysis could be done on them. The
milk outlet line from the tank was then disconnected and inserted into a 500 ml beaker
with deionized water at room temperature. D.I. water was then pumped through the milk
side flushing the unused milk through the system. It took about 400 ml of D.I. water for
the milk system to run slightly clear.
When the milk was properly flushed, the tubing on the milk and water side were
then sealed with pieces of paraffin wax film (Parafilm) and the whole unit was stored in a
refrigerator if it could not be immediately inspected at the ending time. No more than
eight hours passed from time of ending each run, to the inspection time for any
experimental run.
3.C.VI.FCHE Inspection
The FCHE model inspection required the opening, and flushing of the model heat
exchanger. With the milk side up, the heat exchanger was opened by removing the six
screws that held the side plate down. The entire insides of the FCHE, milk side, were
then flushed with D.I. water and digital camera images were taken of the sample plate.
The thermocouple sensor was then removed, image taken, and the six screws holding the
sample plate were removed. The sample plate normally could not be removed until the
fouling layers from the walls of the FCHE were removed. Cleaning of the FCHE walls
were accomplished by the use of a small knife, carefully scrapping the film off the walls
of the aluminum housing. This fouling was initially saved and labeled as wall scrapings,
but in later runs completely thrown away.
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The plate was then flushed again with water, and images taken of the sample plate
with a scale to show feature size. The sample was then weighed on an analytical balance
in the wet condition after the excess D.I. water was shaken off. The weight was recorded.
More images were taken of the sample plate to ensure quality, and quantity of recording
what the plate looked like after each run.
After a satisfactory amount of images had been taken, the milk fouling layers on
the sample plate were then scraped off, with a dry, clean chemical spatula. All of the
contents of the plate were carefully removed and inserted into a 15 ml plastic centrifuge
tube. The tube was labeled with its unique experimental run information, and then frozen
until time for analysis was ready.
3.C.VII. FCHE Cleaning
Cleaning of the FCHE model after each run was necessary for good reliable
results. When all the data was taken, the sample plate, sample plate screws, thermocouple
sensor, side plate, and tubing were all thoroughly cleaned. The sample plate was then
cleaned with a scotch bright pad (blue) and flushed with D.I. water. The screws had the
same treatment as the sample plate. After cleaning the sample plates and screws they
were soaked in ethyl alcohol for the length of time required to clean the other parts. The
milk inlet and outlet lines were flushed and cleaned out with a small drill bit. The
aluminum housing was scraped clean and swabbed with ethyl alcohol to clean off any
trace of milk fouling.
When cleaning was accomplished, the FCHE model was then reassembled, and
checked for leaks. It was stored in a clean double zip lock bag until its use again. The
new sample plate type was recorded for future experimental reference. Four types of
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sample plates were used, titanium, stainless steel 304 (control), stainless steel 316, and
stainless steel 430. Three pheno types of milk were also tested, tank milk from the dairy
(AB-AB control), and two types from individual cows, type AB-AA and AB-BB milk.
Each milk type saw a unique metal alloy, this gave 12 different combinations and the 12
combinations were ran in triplicate to get statistical data.
3.D.FCHE Model Maintenance
3.D.I. Fluid Tanks
The water tank maintenance required the water to be clear, and clean. If any
material is seen floating in the water, then a change is required after the ending of the
current experimental run. The water had to be cooled down first so it can be handled, the
removal of the rubber stopper with tubing installed was next, and the water contents were
poured down a drain. The water tank was then flushed with D.I. water and refilled with
4000 ml of D.I. water. The water was then degassed, heated to 80-85oC for idle
conditions.
The milk tank required very little maintenance. Replacing the pipettes for each
experimental run, cleaning of the top plates, and beaker with soap and water was all that
was required for good results. The pH probe was stored in a storage solution after being
rinsed with D.I. water after each experiment. Milk tank and hardware was stored dry
when not in use.
3.D.II. Fluid Pump
The peristaltic pump required a bit of attention when in use. The pump head was
capable of holding eight pump cassettes, but only two were installed for this setup. This
condition made it necessary for two wooden sticks to be installed to hold them at
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opposite ends of the pump head before each experimental run. The tubes had to be
checked for abrasion and wear. This was done to minimize the situation of spilled milk
on the counter. The level of silicone grease on the tubes of the pumping system was also
checked for proper lubrication. If the tubing was seen to be warn beyond the life of it, or
the flow rate of the milk was low, the tubing in the pump was replaced with new.
3.D.III. Heat Exchanger
The FCHE model itself required the most of the attention for maintenance; there
were many points of failure of this sub system. First, the tubing must be clean and
capable of high temperatures. Every part of the tubing must be checked for leaks of air,
water, or milk. The most important is the possibility of air leaks in the system. The
presence of air could lower flow rate of both the fluids, or the lack of flowing of these
fluids if the air leak was significant enough. The possibility of the air leaks were mainly
from the connections to, and from the aluminum FCHE block. These were eventually
sealed with epoxy to fix any air leaks.
Each gasket seal had the potential to provide air leaks as well, mostly from the
milk side due to the fact that the water side was never opened under normal operation of
the unit. The most potential threat from leaks came from the thermocouple sensor; there
were not too many adhesives that will work on Teflon to stainless steel so epoxy must be
used each time the unit was cleaned after each experiment. Old epoxy was cleaned off
with pliers and new applied. Both sides of the thermocouple sensor needed this treatment.
Leaking between the water, and the milk had a smaller threat to the stability of the
experiment. If the gasket between the sample plate and the housing looks like there were
any cuts or signs of corrosion then it was replaced. Also the gasket needs replacing if
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pressure test failed when loading the new sample plate. New screws and nylon washers if
necessary were also replaced when need.
3.E. Sample Analysis
3.E.I. Fouling from the FCHE
Once a “single trials worth” of milk foulant had been collected (12 runs), they
were all thawed in a constant temperature bath held at 35oC. They were held there for
about 15 minutes, and then transferred into desiccated, pre-weighed 15 ml Coors
crucibles. The crucibles were prepared by cleaning first with soap and water, and then
dried. The crucibles were then entered in a vacuum oven for 12 hours under a small
vacuum at 110oC. The crucibles then were cooled in a dry atmosphere descicator, and
then weighed with an analytical balance. The dry empty weight was recorded.
Each crucible was then labeled with milk pheno type, and alloy type with a black
permanent marker pen. The milk foulant from the metal plates for a single trial were then
inserted into the same vacuum oven, dried under the same conditions. They were dried
overnight and then cooled in a dry atmosphere by aluminum descicators. They were held
there for about a half hour, and then weighed with the same analytical balance used for
the empty weights. The total weight was recorded and later used for calculations.
3.E.II. Percent Moisture of the Foulant
Percent moisture was found only on a few pre selected sample plates. To obtain
milk foulant moisture data, the sample plates were removed from the FCHE, flushed with
D.I. water, and then shaken until no more D.I. water would drip off. The plate with the
foulant was then measured on an analytical balance. The foulant would also have its
images taken, and used for analysis. All of the sample plates cleaned were dried in a
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vacuum oven overnight and then weighed with the same analytical balance. This was the
dry weight of the sample.
3.E.III. Milk Mineral Content
Twenty four crucibles were cleaned and dried in a vacuum oven overnight and
then weighed on an analytical balance. The dry weight data was recorded. The milk
sample vials were then brought up to 35oC in a constant temperature water bath before
being pipetted into the crucibles. About 5 ml of milk was then pipetted into each crucible
corresponding with the metal type and milk pheno type. The cumulative weight of the
crucible and milk were then recorded. The crucibles were first put into a medium
temperature oven to boil off most of the water. This helped keep all the milk inside the
crucible. Once the moisture level was reduced enough, they were inserted into an ashing
furnace and slowly brought up to 550oC, and held there overnight. Then the furnace was
turned off, and left to cool for a couple of hours. Then the furnace was at or near room
temperature, the crucibles were cooled under a dry atmosphere provided by chemical
drying agent in a large descicator. The crucibles were then weighed with an analytical
balance, and the weight recorded. The data collected was then later used to determine the
percent mineral for each experimental (AOAC-b 1995).
3.E.IV. Total Solids
Total solids of the milk sample before, and after each experiment was performed
at the start and ending times of each experimental run. The total solids as performed by
pre-weighing two special weighing papers and tarring their weight form the balance
inside the unit. The next step was to pipette around 3 ml of milk onto the weighing papers
and inserting them into the total solids tool, CEM Moisture/Solids Analyzer LabWave
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9000 for analysis. The drying recipe was selected for determining the total solids of a
milk sample that had already been programmed into the measurement tool. It used 100%
power to the magnetron gun, and dried the sample in 4 minutes. The unit would then
measure the difference between the start and ending weights and print out a total solids
value for the sample (AOAC-d 1995).
3.E.V. Percent Milk Fat
Milk fat was analyzed by the Mojonnier method (AOAC-a 1995). This method
used several liquid to liquid extractions to recover fat from the milk sample. The weight
of recovered fat from a known weight sample of milk gave the percent fat in the milk.
The milk samples were first prepared by thawing them out in a constant temperature
water bath at 35oC. Then eight Mojonnier flasks had been dried in an oven at 120oC for 4
hours then weighing them in an analytical balance. The dry weight was recorded. While
the flask was in the balance, 10 ml of milk was added to the flasks. The weight was again
recorded.
Eight clean aluminum weighing dishes in the vacuum oven for drying were then
used next. These were used to measure the weight of the fat. The Mojonnier flasks in the
centrifuge holders are brought to a fume hood where the reagents were. A single drop of
phenolphthalein, and 1.5 ml of NH4OH were pipetted into each flask. Then 10 ml of ethyl
alcohol was added and the flasks agitated for 30 seconds. Then 25 ml of ethyl ether was
added to each flask and shaken for one minute. Each flask had a water soaked cork
stopper to seal each flask during agitation. The last reagent, 25 ml of petroleum ether was
added, and the entire flask was shaken for one minute.
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The contents of each flask were carefully poured into a weighing dish that had
been marked for each sample being measured. Care was taken not to get any pink fluid
into these dishes for it was the aqueous phase of the milk that was colored pink. This was
the first extraction, the dished were then added to a vacuum hot plate, and allowed to boil
off the ether into the fume hood.
In the second extraction only 5 ml of ethyl alcohol, 15 ml ethyl ether, and 15 ml
petroleum ether were used with 45 seconds of agitation between reagents. The clear
mixture was again added to the weighing dishes. The dishes were then placed on a hot
plate and boiled off in the fume hood. When all of the ether had boiled away, the fat
remained. The dishes were then cooled in a dry atmosphere until they were at room
temperature, and then weighed. The weight data was then used later to determine the
percent fat in each milk sample. The weighing dishes were cleaned in hot soapy water for
the next set of trials. Each fat analysis was done in duplicate (AOAC-a 1995).
3.E.VI. Sugars/Protein Analysis
The sugars in each milk sample were indirectly found by the subtraction of the
percent fat, minerals, and total solids of each milk sample. This represents the total
dissolved matter in the milk that is not a mineral, fat. This also included the protein left
over in the milk.
3.E.VII. Milk pH
Milk pH was taken with an Orion 520A digital ph meter with dual mode probe
which measured pH and temperature at the same time. The probe was an Orion
combination pH/ATC refillable probe based on Ag/AgCl internal reference. The probe
was accurate in the pH range of 0-14 and temperature range of 0-90oC. pH and
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temperature data was recorded at the beginning and end of each run. pH was temperature
corrected with correction data from the manufacturer of the meter.
3.F.Sample Plate Characterization
3.F.I. Sample plate thickness
The thickness of each finished sample plate was measured with a caliper and
measured to the nearest thousandth of an inch. The thickness was measured in three
random locations on the plate and recorded for thickness average and standard deviation.
3.F.II. Alloy Composition
Alloy composition was found by looking up each alloy in an ASM metals
handbook (ASM-f 1979; ASM-e 1980). The range of elemental constituents was then
recorded in a table for each alloy tested. The actual alloy compositions were then verified
with energy dispersive x-ray spectroscopy (EDS) in a scanning electron microscope
(SEM)(Goldstein, Newbury et al. 1992). A Hitachi S-2500 scanning electron microscope
with an EDAX made EDS probe was used to identify the elements making up the alloy as
well as a pseudo-quantitative measurement.
To perform the EDS on a metal sample, small pieces of the samples were hot
mounted in on a sticky carbon film on a standard Hitachi SEM sample stage. All 4 of the
alloys could be tested without breaking vacuum in the SEM. The sample stage was then
mounted in a vented SEM sample chamber, closed, and pumped down observing normal
operating procedures of the SEM. When the chamber is at the normal pressure for proper
operation, a high accelerating voltage 25kV was applied and the sample surface to be
viewed was seen.
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Care must be taken to ensure the EDS probe has enough liquid nitrogen in the
detector to be able to run the length of the testing. When the detector is cooled down, the
computer was booted up, the detector started to gather data. The elemental make up of
each alloy was found with the EDAX software while analyzing the wavelengths of x-rays
coming off of the metal sample when bombarded by the primary electron beam from the
SEM. Elemental analysis and semi quantitative measurements are made through the
software package with the detector. Screen shots of each allow were taken and saved. The
ASTM standards and EDS values for each alloy were compared and plotted (ASM-f
1979; ASM-e 1980).
3.F.III. Metal Hardness
The hardness of each alloy sample plate was found on the same bulk material that
was used to make the sample plates. The method used was from a metal hardness tester
made by Wilson instruments. The test done was on a superficial hardness test due to the
thin nature of the sample plate material. Hardness data was found at three random
locations tested on the material resulting in an average and standard deviation. Data was
recorded and plotted.
3.F.IV. Metallography
Metallography characterization was performed on all the alloys used in the
experiments. Two samples from each raw material plates were taken, one parallel to the
rolling direction of the plate and one transverse to it. The small pieces of metal were then
mounted in bakelite mixture and hot pressed into a slug. The end of the slug was then
ground down on various grit emery papers with water acting as a lubricant. Each grit had
about 30-40 passes on the sample to be effective.
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The samples went through grits 240 through 600 in four steps, and then the
samples were polished with diamond paste in the 6 micron and 3 micron sizes. The
diamond paste polish was performed on a rotating wheel with a petroleum based
lubricant. The final polish was a 0.05 micron alumina paste in a rotating wheel with a
small stream of water flowing onto it.
The samples were then viewed under an optical microscope. The metal was
viewed under several magnifications of 50x, 100x, 200x, and 400x. A camera hooked up
to the microscope and a screen capturing software captured images and saved. This
condition was useful in determining the size and shape of the non-metallic inclusions
inside the metal structure.
The samples were then etched with a special acid solution specific to each alloy
being etched. The samples were then viewed again under an optical microscope and
characterized by microstructure, grain size, and metallic phases present. Both parallel and
transverse to the rolling direction were viewed and recorded. It was found that a higher
resolution form of imaging needed to be done to accurately characterize the grain and
inclusion size within each alloy. The scanning electron microscope was again
implemented in the investigation of the characterization of the metal alloys used as
sample plates inside the heat exchanger.
3.G.Scanning Electron Microscopy
3.G.I. Metallography
Scanning electron microscopy samples were prepared from the same etched
metallography samples made previously. The plastic slugs were mounted to a Hitachi
2500 SEM stage with carbon sticky tape, and then each sample was grounded with
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copper tape and colloidal graphite. The surface was imaged and grain size perpendicular
and parallel to the rolling direction was found. Inclusions in the metal were also images
and inclusion size and percent area were found by looking at the images from both cross
sections.
3.G.II. Microbiological Imaging
Some sample plates were run through the FCHE model for the sole purpose of
investigating the microbiology inside the heat exchanger. Sample plates with milk foulant
were prepared under the same conditions as the normal experimental runs. All three
phenotypes of milk were run and viewed in a desiccated and preserved state under the
SEM.
3.G.III. Sample Preparation
The sample plate with milk foulant attached was prepared by subjecting them to
three different chemical liquids to preserve and desiccate the organic matter on the
sample so that it could be used under the high vacuum of the SEM. The first step was to
dip the sample plate in formaldehyde dip for 45 minutes, and then ethyl alcohol dip for
another 45 minutes. The last treatment was TF Freon dip for the same 45 minutes; all
treatments were performed under the fume hood and inside 500 ml beakers. When
finished the sample plates were then mounted with carbon sticky tape to a SEM sample
mount stage. The plates were electrically grounded with colloidal graphite and left to dry
in a vacuum.
The SEM samples were then sputter coated with gold/platinum alloy for 30
seconds to allow high resolution imaging of the non conductive biofilm on the plates. The
samples were then imaged with the SEM and following the normal operating procedures
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for the SEM. SEM images were taken and saved by a digital camera focused to the screen
while on a tripod. Images of the milk foulant structure for each milk type were done as
well as any microbiological activities were also investigated.
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CHAPTER 4
RESULTS
4.A FCHE Model Data Runs
Runs performed on the FCHE model were done in triplicate with three milk types,
and four alloy types. A method for the model had to be drawn up to ensure useful data for
each run. Calibration runs were done, and it was found that a twelve hour run provided
enough material on the alloy plates for study for all combinations of milk pheno types
and alloys. Calibration data can be found in the Appendix. Fouling of the FCHE plates
will be analyzed by a dry weight per area of the plate.

4.A.I Average Dry Mass per Area
The averages of the three trials were plotted with standard deviations between
each run. With type AB-AB milk, there were not any significant difference between the
four alloy types. Stainless steel 430 produced the least fouling for the type AB-AB milk,
while none on the metals were significantly different from each other. For type AB-AA
milk the titanium produced the least fouling, and was significantly different to the
stainless steel 304 and 430. AB-BB type milk showed the least fouling for the titanium
alloy and was significantly different from all of the other stainless steels. (Figure 13).
ANOVA analysis was performed to confirm the same results.
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Figure 10. Average of each trial with error bars showing +/- 1 sigma data
showing the foulant mass per area on the sample plates with each milk pheno
type.
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4.A.II ANOVA Analysis Dry Mass per Area
ANOVA calculation was performed on the measured data using MiniTab R12 Student
Edition. Critical values for the F curve were looked up using textbooks using degrees of
freedom for the numerator and denominator. Critical values for the “row factor” is 3.01,
“column factor” is 3.40, and the “interaction factor” is 2.51. These critical values were
used to accept or reject the Ho hypothesis. The Ho hypothesis is there is no difference
between the groups of data. Rejecting this hypothesis shows significant difference. Below
is the printout from MiniTab for the dry biomass comparison showing difference between
titanium and SS304, but no difference between the milk types or other alloys. 3.84 is
greater than the critical value of 3.01, Ho is rejected showing a difference.

Two-way Analysis of Variance
Analysis of Variance for Fouling Mass (g/cm^2)
Source
DF
SS
MS
F
P
Row Fact
3 0.0002628 0.0000876
3.84
0.022
Column F
2 0.0000595 0.0000298
1.31
0.290
Interaction
6 0.0001124 0.0000187
0.82
0.564
Error
24 0.0005473 0.0000228
Total
35 0.0009821
Individual 95% CI
-+---------+---------+---------+---------+
(---------*--------)
(---------*--------)
(---------*--------)
(--------*---------)
-+---------+---------+---------+---------+
0.0105
0.0140
0.0175
0.0210
0.0245

Row Fact
SS304
SS316
SS430
Ti

Mean
0.0213
0.0177
0.0167
0.0137

Column F
AA
AB
BB

Mean
0.0163
0.0166
0.0192

Individual 95% CI
-------+---------+---------+---------+---(----------*-----------)
(----------*-----------)
(-----------*----------)
-------+---------+---------+---------+---0.0150
0.0175
0.0200
0.0225
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4.B. % Total Solids
4.B.I. Percent Total Solids Average
Percent total solids data taken from the beginning and at the end were measured
as a feedback check on the quality of the 12 hour process run. If there was significant
change in this parameter from start to end, then the trial was re done. This parameter
shows if a water leak between the milk and heating water existed or not, or excessive
evaporation occurred or not. (Figure 14)
Percent Total Solids - Average
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Figure 11. Total solids in weight percent for the average of all three trials to
show a trend for all alloys and phenotypes. Data is from both the start and
finish of 12 hours of processing.
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4.B.II ANOVA Analysis % Total Solids
ANOVA calculation was performed on the measured data using MiniTab R12 Student
Edition. Critical values for the F curve were looked up using textbooks using degrees of
freedom for the numerator and denominator. Critical values for the “row factor” is 3.01,
“column factor” is 3.40, and the “interaction factor” is 2.51. These critical values were
used to accept or reject the Ho hypothesis. The Ho hypothesis is there is no difference
between the groups of data. Rejecting this hypothesis shows significant difference. Below
is the analysis of the % total solids. This shows that between the alloys there is no
difference, and between each milk type there is a difference. 6.11 is greater than the
critical value of 3.40, Ho is rejected showing a difference. This is seen to be between
breed of cow, and not that of a problem with the machine.
Two-way Analysis of Variance
Analysis of Variance for %
Source
DF
SS
Row Fact
3
0.044
Column F
2
2.875
Interaction
6
0.547
Error
24
5.646
Total
35
9.113

Row Fact
SS304
SS316
SS430
Ti

Mean
13.41
13.37
13.35
13.44

Column F
AA
AB
BB

Mean
13.79
13.22
13.17

Total Solids Start
MS
0.015
1.438
0.091
0.235

F
0.06
6.11
0.39

P
0.979
0.007
0.880

Individual 95% CI
----------+---------+---------+---------+(---------------*----------------)
(----------------*---------------)
(----------------*---------------)
(----------------*----------------)
----------+---------+---------+---------+13.20
13.40
13.60
13.80
Individual 95% CI
-+---------+---------+---------+---------+
(---------*--------)
(---------*--------)
(---------*--------)
-+---------+---------+---------+---------+
12.90
13.20
13.50
13.80
14.10
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4.C. Milk Mineral Content
4.C.I Milk Ash Average
Milk mineral percent data was taken from the start of each trial run. This data is
important because mineralization is a main constituent to milk fouling. The data below
shows that there is no significant data between the % minerals inside the milk while
varying the milk types. (Figure 18).
Milk Ash - Average
0.9000

% Mineral (duplicate average)

0.8000
0.7000
0.6000
0.5000
0.4000
0.3000
0.2000
0.1000
0.0000
AB-AB

AB-AA

AB-BB

Milk Type
Titanium

SS 304

SS 316

SS 430

Figure 12. Mineral content in weight percent for the average of all three trials
to show a trend, for all alloys and pheno types. Data is from the start of each
run.
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4.C.II ANOVA Analysis Mineral Content
ANOVA calculation was performed on the measured data using MiniTab R12 Student
Edition. Critical values for the F curve were looked up using textbooks using degrees of
freedom for the numerator and denominator. Critical values for the “row factor” is 3.01,
“column factor” is 3.40, and the “interaction factor” is 2.51. These critical values were
used to accept or reject the Ho hypothesis. The Ho hypothesis is there is no difference
between the groups of data. Rejecting this hypothesis shows significant difference. Below
is the printout from MiniTab for the % mineral comparison showing no difference
between any of the combinations between milk and alloy types. No values of F are larger
then the critical values, Ho is accepted in all cases.
Two-way Analysis of Variance
Analysis of Variance for %
Source
DF
SS
Row Fact
3
0.00152
Column F
2
0.00361
Interaction
6
0.00535
Error
24
0.03036
Total
35
0.04084

Row Fact
SS304
SS316
SS430
Ti

Mean
0.730
0.748
0.742
0.741

Column F
AA
AB
BB

Mean
0.754
0.736
0.731

Mineral
MS
0.00051
0.00181
0.00089
0.00127

F
0.40
1.43
0.71

P
0.754
0.260
0.648

Individual 95% CI
---------+---------+---------+---------+-(--------------*---------------)
(---------------*--------------)
(---------------*--------------)
(--------------*---------------)
---------+---------+---------+---------+-0.720
0.736
0.752
0.768
Individual 95% CI
-------+---------+---------+---------+---(------------*-------------)
(------------*------------)
(------------*------------)
-------+---------+---------+---------+---0.720
0.736
0.752
0.768
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4.D. % Milk Fat
4.D.I Percent Fat Average
Percent milk fat was measured at the start of each 12 hour run. This data was
taken so that any difference seen here could be compared between the alloys or milk type.
Since the milk taken for AB-AA and AB-BB phenotypes was that from individual cows,
we see a difference between cow breeds as breed of cow was not kept constant. (Figure
26).
Percent Fat - Average
5.0000

% Fat (average of duplicates)

4.5000
4.0000
3.5000
3.0000
2.5000
2.0000
1.5000
1.0000
0.5000
0.0000
AB-AB

AB-AA

AB-BB

Milk Type
Titanium

SS 304

SS 316

SS 430

Figure 13. Fat content in weight percent for the average of all three trials t
show a trend, for all alloys and pheno types. Data is from the milk of the start
of 12 hours of processing.
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4.D.II ANOVA Analysis % Milk Fat
ANOVA calculation was performed on the measured data using MiniTab R12 Student
Edition. Critical values for the F curve were looked up using textbooks using degrees of
freedom for the numerator and denominator. Critical values for the “row factor” is 3.01,
“column factor” is 3.40, and the “interaction factor” is 2.51. These critical values were
used to accept or reject the Ho hypothesis. The Ho hypothesis is there is no difference
between the groups of data. Rejecting this hypothesis shows significant difference. Below
is the printout from MiniTab for the % fat comparison showing no difference between the
alloy types. Significant difference was seen between the milk type which is was due to
different cow breeds. 4.45 is greater than the critical value of 3.40, Ho is rejected showing
a difference.
Two-way Analysis of Variance
Analysis of Variance for %
Source
DF
SS
Row Fact
3
0.257
Column F
2
2.146
Interaction
6
1.185
Error
24
5.789
Total
35
9.377

Row Fact
SS304
SS316
SS430
Ti

Mean
3.66
3.63
3.50
3.73

Column F
AA
AB
BB

Mean
3.31
3.90
3.68

Fat
MS
0.086
1.073
0.198
0.241

F
0.36
4.45
0.82

P
0.785
0.023
0.566

Individual 95% CI
----+---------+---------+---------+------(------------*-------------)
(------------*-------------)
(-------------*------------)
(------------*-------------)
----+---------+---------+---------+------3.25
3.50
3.75
4.00
Individual 95% CI
----------+---------+---------+---------+(--------*---------)
(---------*---------)
(---------*--------)
----------+---------+---------+---------+3.30
3.60
3.90
4.20

58

4.E. Milk pH
4E.I Milk pH Averave of Three Trials
(Figure 34)
Milk pH - Average
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Figure 14. Measurements from the average of all three trials to show a trend
of the pH of the milk in the heating tank before and after 12 hours of
processing.
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4.E.II ANOVA Analysis pH
ANOVA calculation was performed on the measured data using MiniTab R12 Student
Edition. Critical values for the F curve were looked up using textbooks using degrees of
freedom for the numerator and denominator. Critical values for the “row factor” is 3.01,
“column factor” is 3.40, and the “interaction factor” is 2.51. These critical values were
used to accept or reject the Ho hypothesis. The Ho hypothesis is there is no difference
between the groups of data. Rejecting this hypothesis shows significant difference. Below
is the printout from MiniTab for the % fat comparison showing no difference between the
alloy types. No values of F was seen to show any relationship to reject Ho. No significant
difference between any case of this comparison.
Two-way Analysis of Variance
Analysis of Variance for Milk pH Start
Source
DF
SS
MS
F
Row Fact
3
0.0095
0.0032
0.08
Column F
2
0.1079
0.0539
1.39
Interaction
6
0.0771
0.0129
0.33
Error
24
0.9301
0.0388
Total
35
1.1245

Row Fact
SS304
SS316
SS430
Ti

Mean
5.818
5.810
5.803
5.845

Column F
AA
AB
BB

Mean
5.742
5.859
5.856

P
0.969
0.268
0.914

Individual 95% CI
--+---------+---------+---------+--------(----------------*----------------)
(----------------*----------------)
(----------------*----------------)
(----------------*----------------)
--+---------+---------+---------+--------5.680
5.760
5.840
5.920
Individual 95% CI
--------+---------+---------+---------+--(-----------*-----------)
(-----------*-----------)
(-----------*----------)
--------+---------+---------+---------+--5.700
5.800
5.900
6.000
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4.G. Metal characterization
4.G.I. Plate thickness
Rolled metal plate stock was purchased to similar thickness values as possible
with a target thickness of 0.030 inches. Below is the table of thicknesses measured from
each metal alloy coupon made. Data was taken from three random sites on the metal
plate. (Table IV)
Table IV. Sample plate thickness measurement values
Plate
Alloy
Titanium
SS316
SS304
SS430

Trial 1 (in.)

Trial 2 (in.)

Trial 3 (in.)

Average

0.0325
0.0262
0.0271
0.0278

0.0319
0.0249
0.0261
0.028

0.0329
0.025
0.0262
0.0282

0.0324
0.0254
0.0265
0.0280

Standard
Dev.
0.0005
0.0007
0.0006
0.0002

4.G.II. Alloy Composition
Each grade of stainless steel has a certain mixture of elements where the
percentages of each element control the bulk properties of the metal. The alloys chosen
for the investigation was stainless steel 304, 316 and 430. Per ASTM standards, stainless
steel 304 has a chromium content 18.00-12.00 weight percent, nickel content of 8.0012.00 wt. %, and a manganese content of 2 wt. %. Stainless steel 316 has a chromium
content 16.00-18.00 wt. %, nickel content of 10.00-14.00 wt. %, and a manganese
content of 2 wt. %. Stainless steel 430 has a chromium content 14.00-18.00 wt. %, zero
nickel content, a manganese content of 1 wt. %. All of the stainless steels chosen have a
maximum content for silicon, phosphorus, and sulfur of 1.00, 0.040, and 0.030
respectively (ASM-e 1980).
Table V shows the stainless steel compositions in a tabular form.
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Table V. Stainless Steel Standard Elemental Compositions
Steel

C
(max)

304

0.08

316

0.08

430

0.12

Cr

Ni

18.0020.00
16.0018.00
14.0018.00

8.0012.00
10.0014.00
-

Mn
(max)

Si
(max)

P
(max)

S
(max)

2.00

1.00

0.045

0.030

2.00

1.00

0.045

0.030

1.00

1.00

0.040

0.030

The fourth type of metal alloy used in the FCHE model was titanium 6Al 4V. The
commercial alloy name is titanium 6Al-4V, which denotes 6 wt. % of aluminum, and 4
wt. % vanadium, and trace elements (ASM-f 1979). (Table VI)
Table VI. Titanium Standard Compositions
Titanium

Al
5.50-6.75

V
3.50-4.50

N
(max)
0.05

C
(max)
0.1

H
(max)
0.015

O
(max)
0.2

Fe
(max)
0.4

Ti
Bal.

To verify the composition of critical elements in each metal alloy, energy dispersive xray spectroscopy (EDS) was done on small samples of the raw material used to
manufacture the plates. Titanium was found to have 7.81 wt % aluminum, and 3.08 wt. %
vanadium content. (Figure 35) The weight percent of chromium in the stainless steel 304
was found to be 18.43 and 7.88 for nickel. (Figure 36) Stainless steel 316 has a chromium
content of 16.58 wt. %, and 10.41 wt. % for nickel. (Figure 37) Stainless Steel 430 had a
chromium content of 16.06 wt. %, 2.27 wt % of silicon, and nickel was not found.
(Figure 38) (Goldstein, Newbury et al. 1992). The data shows that the alloys used are
within limits for each alloy.
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4.G.III. EDS of Metal Sample Plates
Energy Dispersive X-Ray Spectroscopy
(Titanium)
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Figure 15. Elemental percentages taken from the EDS spectra taken from the
stainless steel titanium alloy sample plate.
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Energy Dispersive X-Ray Spectroscopy
(SS 304)
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Figure 16. Elemental percentages taken from the EDS spectra taken from the
stainless steel 304 alloy sample plate.
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Energy Dispersive X-Ray Spectroscopy
(SS 316)
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Figure 17. Elemental percentages taken from the EDS spectra taken from the
stainless steel 316 alloy sample plate.
Energy Dispersive X-Ray Spectroscopy
(SS 430)
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Figure 18. Elemental percentages taken from the EDS spectra taken from the
stainless steel 430 alloy sample plate.
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4.G.IV. Metal Hardness
The hardness of the sample plates for the FCHE model was performed in
conformance to the ASTM standard E18-03. The hardness data was taken from a
superficial hardness tester using the 15N standard force. This standard required a constant
load of 15k Newtons of force onto an N type tip, in this case a 1/16” ball bearing tip. The
average of three trials for the hardness of stainless steel 304 and 316 was found to be the
same at 85.00, and 86.33 for the stainless steel 430 sample. The average hardness for the
titanium was found to be 95.00. (Figure 39)

Sample Plate Hardness
96.00

Hardness (superficial)

94.00
92.00
90.00
88.00
86.00
84.00
82.00
80.00
Trial 1 (15-N)

Trial 2 (15-N)

Trial 3 (15-N)

Average (15-N)

Trial
Titanium

SS304

SS316

SS430

Figure 19. Metallurgy data of the hardness of each sample plate. This data was
taken to collect information about the metals to later correlate it with fouling.
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4.G.V. Metallography
Metallography samples were made from all four of the materials chosen to grow
milk foulant on. Two sets of samples were made for each alloy, one that cuts the grains
across the rolling direction (short), and one that cuts the grains with the rolling direction
(long). The rolling direction is the direction the material was physically moving when it
was rolled into plate form. Figures 40 – 55 show the as polished microstructure and
etched microstructures for all alloys. The as polished condition was performed to show
how visible if any, non metallic inclusions if present. The as polished condition can be
thought as a similar surface to that inside the commercial heat exchangers used today.
4.G.V.a.Alloy Microstructure (As Polished) - Titanium

As Polished (short)

216x

Figure 20. Metallography sample image of the titanium alloy in the as
polished condition. Sample is across the rolling direction.
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As Polished (long)

216x

Figure 21. Metallography sample image of the titanium alloy in the as
polished condition. Sample is parallel to the rolling direction.
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4.G.V.b.Alloy Microstructure (As Polished) – SS304

As Polished (short)

196x

Figure 22. Metallography sample image of the SS 304 alloy in the as
polished condition. Sample is across the rolling direction.

As Polished (long)

196x

Figure 23. Metallography sample image of the SS 304 alloy in the as
polished condition. Sample is parallel to the rolling direction.
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4.G.V.c.Alloy Microstructure (As Polished) – SS316

As Polished (short)

193x

Figure 24. Metallography sample image of the SS 316 alloy in the as
polished condition. Sample is across the rolling direction.

As Polished (long)

193x

Figure 25. Metallography sample image of the SS 316 alloy in the as
polished condition. Sample is parallel to the rolling direction.
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4.G.V.d.Alloy Microstructure (As Polished) – SS430

As Polished (short)

193x

Figure 26. Metallography sample image of the SS 430 alloy in the as
polished condition. Sample is across the rolling direction.

As Polished (short)

191x

Figure 27. Metallography sample image of the SS 430 alloy in the as
polished condition. Sample is parallel to the rolling direction.
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4.G.V.e.Alloy Microstructure (etched) – Titanium

2 HF, 10 HNO3, 88 H2O

(short)

207x

Figure 28. Metallography Sample showing light grains are alpha phase,
dark grains are beta phase, direction is perpendicular to rolling direction,
possible annealed condition from fine uniform grains.

2 HF, 10 HNO3, 88 H2O

(long)

206x

Figure 29. Metallography Sample showing, light grains are alpha phase,
dark grains are beta phase, direction is parallel to rolling direction,
possible annealed condition from fine uniform grains.
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4.G.V.f.Alloy Microstructure (etched) – SS304

10% oxalic acid with electrolytic

(short)

196x

Figure 30. Metallography Sample showing ASTM grain size #8, austenite
matrix with equiaxed grains, annealing twins present, small stringer
inclusions (black circles) also present, perpendicular to rolling direction.

10% oxalic acid with electrolytic

(long)

197x

Figure 31. Metallography Sample showing ASTM grain size #8, austenite
matrix with equiaxed grains, annealing twins present, small stringer
inclusions also present (black horizontal bands), parallel to rolling
direction.
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4.G.V.g.Alloy Microstructure (etched) – SS316

10% oxalic acid with electrolytic

(short)

207x

Figure 32. Metallography Sample showing ATSM grain size #8, austenite
matrix with equiaxed grains, perpendicular to rolling direction, possible
annealed condition or light heat treatment.

10% oxalic acid with electrolytic

(long)

206x

Figure 33. Metallography Sample showing ATSM grain size #8, austenite
matrix with equiaxed grains, parallel to rolling direction, possible
annealed condition or light heat treatment.
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4.G.V.h.Alloy Microstructure (etched) – SS430

Picral and Hydrochloric Acid

(short)

210x

Figure 34. Metallography Sample showing ATSM grain size #8, annealed
strip with recrystallized grains in prior austenite grains, perpendicular to
rolling direction, Possible martensitic (dark) phase present due to heat
treatments.

Picral and Hydrochloric Acid

(long)

209x

Figure 35. Metallography Sample showing ATSM grain size #8, annealed
strip with recrystallized grains in prior austenite grains, parallel to
rolling direction, Possible martensitic (dark) phase present due to heat
treatments.
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4.G.VI. Scanning Electron Microscopy
4.G.VI.a. Metallography of Metal Samples
Scanning electron microscopy was performed to find the grain size and inclusion
size of each metal alloy. Each SEM metallography sample was viewed in the etched
condition, and magnification was chosen to best view the microstructure. For grain size
analysis the average grain diameter was calculated from the image itself and calibrated
from the marker bar from the SEM image. Inclusion information was gathered by the
same technique as the grain size analysis. Percent area taken up by the inclusions were
first calculated in the basis of percent area on the image itself, then corrected for the
magnification if the image.
Each plate cross section was first analyzed in the direction parallel to the rolling
direction, then transverse to the rolling direction. Tables VII through VIII, and Figures 56
to 61 show the grain sizes. Tables IX through XII, and Figures 62 to 71 show the
inclusion sizes.
4.G.VI.b. Grain Size Characterization
Table VII. Grain Size Parallel to rolling direction
Alloy
Type

Titanium
SS316
SS304
SS430

Trial 1 Trial 2 Trial 3 Average Standard
Deviation
(µ
µm)
(µ
µm)
(µ
µm)
(µ
µm)
(µ
µm)

9.59
17.33
22.67
14.07

10.25
17.91
14.65
12.22

7.09
13.61
9.19
11.11
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8.98
16.28
15.50
12.47

1.67
2.33
6.78
1.50

Table VIII. Grain Size Transverse to rolling direction
Alloy
Type

Titanium
SS316
SS304
SS430

Trial 1 Trial 2 Trial 3 Average Standard
Deviation
(µ
µm)
(µ
µm)
(µ
µm)
(µ
µm)
(µ
µm)

10.76
19.20
16.92
14.38

7.55
12.70
27.33
9.53

9.25
17.04
23.26
24.87

9.19
16.31
22.50
16.26

1.61
3.31
5.25
7.84

4.G.VI.c. Grain Size Characterization - Titanium

Figure 36. SEM Ti plate (short)

Figure 37. SEM Ti plate (long)
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4.G.VI.d. Grain Size Characterization – SS304

Figure 38. SEM SS304 plate (short)

Figure 39. SEMSS304 plate (long)

4.F.VI.e. Grain Size Characterization – SS316

Figure 40. SEM SS316 plate (short)
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Figure 41. SEM SS316 plate (long)

4.G.VI.f. Grain Size Characterization – SS430

Figure 42. SEM SS430 plate (short)

Figure 43. SEM SS430 plate (long)

4.G.VII. Inclusion Characterization
Table IX. Inclusion Size Parallel to rolling direction
Alloy
Type

Trial 1 Trial 2 Trial 3 Average Standard
Deviation
(µ
µm)
(µ
µm)
(µ
µm)
(µ
µm)
(µ
µm)

Titanium
SS316
SS304
SS430

6.88
3.02
22.34

4.65
3.55
17.41

3.01
1.56
-

4.85
2.71
19.88

1.94
1.03
3.49

Table X. Inclusion Size Percent Inclusion Area
Alloy
Type

Total
Image
Area

Inclusion
Area

Marker
Bar
(µ
µm)

% Inclusion Area
(normalized for
magnification)

Titanium
SS316
SS304
SS430

517
506
517

1.5
24.0
3.5

20.1
3.8
25.2

3.05
1.78
11.18
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Table XI. Inclusion Size Transverse to rolling direction
Alloy
Type

Trial 1 Trial 2 Trial 3 Average Standard
Deviation
(µ
µm)
(µ
µm)
(µ
µm)
(µ
µm)
(µ
µm)

Titanium
SS316
SS304
SS430

5.22
1.93
7.38

6.38
3.78
6.01

4.21
4.00

5.80
3.31
5.80

0.82
1.21
1.70

Table XII. Inclusion Size Percent Inclusion Area
Alloy
Type

Total
Image
Area

Inclusion
Area

Marker
Bar
(µ
µm)

% Inclusion Area
(normalized for
magnification)

Titanium
SS316
SS304
SS430

506
506
533

3.5
1.0
3.0

13.6
15.2
27.0

3.33
1.19
10.67

4.G.VII.a. Inclusion Characterization - Titanium

Figure 44. Titanium plate (short)

Figure 45. Titanium plate (long)
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4.G.VII.b. Inclusion Characterization – SS304

Figure 46. SS304 plate (short)

Figure 47. SS304 plate (long)

4.G.VII.c. Inclusion Characterization – SS316

Figure 48. SS316 plate (short)

Figure 49. SS 316 plate (long)
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4.G.VII.d. Inclusion Characterization – SS430

Figure 50. SS430 plate (short)

Figure 51. SS430 plate (long)

4.G.VIII. Microbiology Activity
The activity of microbes with regards to the milk fouling during the heating in the
FCHE model was also looked at. The presences of these microbes were only observed
and not identified. The bacteria activities were not included in the main Design of
Experiment. The FCHE model is flexible enough where future experiments using
microbes to study the fouling of the heat exchanger plates will be left for future works.
The following figures comment on the presence of bacteria, but mainly are included to
show the structure of the foulant layers for each milk type. (Figures 72 - 81) All samples
had a tri chemical dip to preserve them for high vacuum inside the SEM.
.
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4.G.VIII.a. Proof of theory of Bacteria Activity in Milk Fouling

Figure 52. 316 AB-AB Milk Trial 1

Figure 53. 316 AB-AB milk Trial 1a

Figure 54. 316 AB-AB Milk trial 2

Figure 55. 316 AB-AB Milk Trial 2a
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4.G.IX. Scanning Electron Microscopy of the Milk Foulant
AB-AB Milk

Figure 56. SS316 foulant structure

Figure 57. SS316 Bacteria

AB-AA Milk

Figure 58. SS304 foulant structure
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Figure 59. SS304 Bacteria

AB-BB Milk

Figure 60. SS 316 foulant structure
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Figure 61. SS316 no bacteria

CHAPTER 5
DISCUSSION AND CONCLUSIONS
5.A. Discussion
The purpose of this study was to first, demonstrate the capability to generate milk
fouling layers in a laboratory atmosphere, and second, to evaluate the conditions on
which fouling could me minimized with the respect to milk type and heat exchanger
metallurgy. The types of conditions tested were milk phenotypes where the β-Lacto
globulin protein was varied with four different metal alloys inside the heat exchanger. A
model single chamber flow cell system was developed and manufactured successfully for
this project. The flow cell heat exchanger model (FCHE) was fully tested, and was
successful in producing milk fouling layers on metal plates in a laboratory scale.
The results of this study were interesting. A single alloy tested with any type of
milk to produce less fouling did not exist. We will first discuss how each metal type
fouled with respect to milk phenotype, and then discuss the global results of all metals
and alloys together. In the literature review, there is a patent in which claims a certain
phenotype of β-Lacto globulin will produce slower milk fouling rate in heat processing
equipment (Hill et al. 1998).
The control milk type used was that of the general population milk from a storage
tank used by the working dairy on campus. The average dry weight per area on the FCHE
model showed the least fouling was seen from the stainless steel 430 alloy. The highest
was that of the stainless steel 304. The standard deviation of each alloy in the AB-AB
milk type showed no significant difference of the alloy types in the control milk. This
could have been from the age of the milk when it was tested in the FCHE. In the
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literature review, it is known that as the age of the milk increases so does fouling (de
Jong 1997; Visser and Jeurnink 1997). Another contribution of the lack of statistical
difference for the control milk type could be from the increased amount of bio activity in
the milk samples. It was seen that the control milk produced a significant amount of
bacterial colonies in the milk fouling layers than any other milk type. This was probably
due to the fact that the storage container was slightly contaminated with bacteria at the
time of the experiments.
The first specialized milk phenotype tested was that of AB-AA. This milk type
produced some promising results of the different alloy types. The titanium alloy showed a
statistically significant difference between the other three stainless steels. In some cases,
the titanium fouling rate was half. The reduced fouling rate could be the β-Lactoglobulin
reacted very differently on the hydrophobic titanium surface versus the other stainless
steels. This is possibly due to the chemical nature of the passivation layers of the metals.
The last milk phenotype processed through the FCHE model was that of AB-BB.
This milk type was shown to produce the lowest fouling rate for heat processing
equipment in a U.S. patent cited in the literature review. The contrary was seen with these
rounds of experiments. For instance, in our experiment we saw milk type AB-AA, with
titanium metal produced the least fouling for all other metal alloy types and milk on
average. Once again surface hydrophobic of the titanium surface with the BB βLactoglobulin type could be causing the significant difference.
To look at all the alloy types and milk types in one large group will help
understand the larger picture of the results of these experiments. This is seen in the
ANOVA analysis presented in the Results section. Due to the fact that milk type cannot
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be strictly controlled in large scale processing, a more generalized look with respect to
milk type might help find a combination in which the fouling rate can be reduced. In
looking at the metal type, in every instance of trials, the stainless steel alloy 304 produced
the highest fouling rate while holding the milk type constant. This is the alloy commonly
used in all food processing equipment. The more expensive alloy type SS 316, shows no
real significant difference with the cheaper SS 430 alloy or with SS 304. The exotic
titanium showed a significant lower fouling rate only with the AB-AA and AB-BB milk.
These milk types were the freshest with respect to age, because the experiment was run
the day of each selective cow milking. In the ANOVA analysis, it was found that
titanium was significantly different between SS 304 control alloy.
Other characterizations were done with the milk that was used in each
experimental trial run in hopes to find any correlation between milk fouling and milk
properties. Also these characterizations were done to help show that the milk supply did
not have any large fluctuations of components such as fat, mineral, and proteins that
could increase significant error in the experiment. The mineral content in the milk supply
for the FCHE experiments did not show any significance in difference in percent mineral
for each trial run. Total solids in the milk were also looked at for the start and end of each
trial run. In general, the % total solids went up slightly of the milk after processing, this
was probably due to the loss of water in the milk heating system due to small gas leaks
around the top of the milk tank flask. The fat percent for each milk type did change quite
a bit for each run. Unfortunately, this is probably due to the different cow breeds used for
the milk types. Holstein and Jersey cows were used back and forth for each milk type
experiment depending on the availability of each cow at the time of milking. The cow
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breed variance was not kept constant and this could have induced a significant source of
error. Protein and sugar were calculated by subtraction of the total solids minus the
mineral content and fat. Once again the plot of this data (figure 30) shows only the
possibility of cow breed interference between the variations with in the metal alloys. The
milk type for the control had a stable proteins and sugars for each metal, but the AB-AA
and AB-BB showed a larger variation. This variation also could have introduced some
error in the results. Looking at the pH of the milk that was processed through the FCHE
model, there were no statistical significances between the start and finish of each selected
run. It was a possibility that the change in pH could be accounted for the mineral
formation of calcium hydroxyapatite forming from the milk minerals.
Metal characterizations were also looked at to try to find any correlations between
metal microstructure and milk fouling rate. The titanium plate was almost 10 thousandths
of an inch thicker than the other alloys used. This difference could have produced a
slightly cooler surface on the titanium surface with respect to the stainless steels. The
alloy compositions of the super fouling alloy SS304 versus the other alloys could not
show any major differences, ignoring the titanium. The higher fouling rate of the SS304
probably was due to the differences in surface roughness than anything else. What was
interesting is that there was a correlation between metal hardness and the fouling rate.
The harder the metal, the lower the fouling rate was for fresh new milk. This was seen in
both the stainless steel 430 and the titanium, which were significantly harder than the
SS304 and SS316. The hardness values also followed the grain size of the alloys. The
harder the material the smaller the crystals that made up the bulk metal. Metallography
was done to show the internal microstructure of the metal alloy under test in the FCHE.
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Images were taken for reference only to show the significant difference between the
alloy’s microstructure.
Another interesting aspect of this investigation was that of microbe activity. The
first experiment to look for microbial activity was that using control type milk AB-AB,
and a stainless Steel 316 metal coupon immersed in the heated milk tank and left to sit a
while. The large thick plate produced no milk fouling, but did produce some interesting
bacterial attachments. (Figures 52-53) This shows that the first protein monolayer on the
stainless steel substrate allows for significant bacterial attachment points. Further studies
of the milk types versus bacterial attachment showed that the milk storage tank had a
significantly higher count of bacteria in the foulant layers than the other milk types from
single cows. The scanning electron microscope data showed a significant difference in
the protein layer morphology between the different milk types. Unfortunately the images
taken were not of the same point on each plate and only exhibit a more general
morphology. The AB-AB and AB-BB type milk produced similar foulant layers in the
form of open network protein gels, where the AB-AA milk produced a denser fouling
layer. (Figures 56-61)
5.B Sources of Error
After running the new flow cell heat exchanger, it was soon clear that it was
susceptible to some un controlled error sources. The first major error source was that we
only looked at the milk phenotype, and did not hold the breeds of cow constant. It was
well known that different breeds produce different types of milk, some higher in fat, and
other characteristics which could have played a role in comparing the different trial runs.
Another significant source or error was that of including the thick fouling layer found at
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the top of each metal coupon plate. This is the area where there exists a milk / air
interface. This interface created an area where milk foam could be formed, and it is well
known this causes higher fouling.
5.C. Conclusions
The manufacturing of a complete laboratory scale milk pasteurizer for the study
of milk fouling on metal plates proved to be very successful. The model flow cell heat
exchanger produced high enough quality of milk foulant on the test coupons in
comparison to the large scale fouling layers found in full scale dairy heat processing
equipment. Although generally speaking, there was not a significant technology
breakthrough of using different alloys as the material for the plates in milk pasteurizer
heat exchangers, a method of creating the milk fouling layer on a smaller scale can be
very useful in future works studying milk fouling. The titanium alloy showed a
significantly lower fouling rate, this was probably mostly due to the highly passivated
surface of the Titanium. It was also seen that the actual breed of cow could have played a
significant role in fouling. The new FCHE model was produced to show the viability of
creating a biofilm or milk fouling layer on any material provided that it is rigid enough.
This new approach should provide a basis for new and more advanced research of the
mechanisms and nature of milk fouling in heat processing equipment.

5.D. Future Improvements
Since this project involved a complete system built up by parts available in the
department as well as hand machining the flow cell all that is seen here can be thought of
as a first revision tool. As the FCHE ran, it was clear that some improvements could be
made. For instance the tubing used could be made of PTFE material to allow the hot
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water to pass easier. The first rounds were used polyethylene, and this material got soft
and created leaks. Secondly, it was found that the aluminum shell though it was easy to
machine, took away too much heat from the plate under test. Also, the aluminum
corroded in areas where the milk was stagnant near the plate coupon gasket. This
introduced aluminum into the milk, and could cause unknown effects. To get around this,
it would have been better to have machined the FCHE out of PTFE material. It is
unknown if a higher flow pump would have lowered the time required to produce the
fouling layer. This needs to be tested later. If not, then a multi chambered flow cell can be
made where multiple alloy plates can be tested at the same time. Having an air / milk
layer inside the FCHE was not a good idea, as this caused an abnormal high fouling later
at this interface. The next revision will not have this air / liquid interface. If milk is
needed from individual cows, then to hold the breed of cow constant for future
experiments might reduce some errors when comparing the results.
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APPENDICES
Appendix I. Milk Foulant Analysis
1. Dry Fouling Mass / Area
(Weight Crucible + Foulant Layer) - Empty Crucible = Foulant Mass
Corrected Plate Area / Foulant Mass = Foulant Mass / Area
Alloy
Titanium
SS 304
SS 316
SS 430

2

Total Affected Area (in )
3.1884
2.8134
2.7261
3.0492

2

cm
19.6374
17.2327
16.6584
18.7462

2. Standard Error of a Mean (MathCAD software)
SEmean :=

N
⋅ var( S)
N−1

N

∑ ( Xi − Xmean)

Var( S)

i=1

N = Number of data in the series
3. % Moisture in Fouling Layer
(Weight of Metal Plate with Foulant – Dry weight of Plate) = Mass of Wet Foulant
(Mass of Wet Foulant - Mass of Biofilm) = Water Mass
100 * (Water Mass / Mass of Wet Foulant) = % Moisture in Foulant
4. Milk % Mineral Content
(Ash + Crucible Mass) – Crucible Dry Mass = Mineral Ash Mass
100 * (Mineral Mass / Mass of Milk) = % Mineral Content
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5. % Total Solids
Microwave Balance Method
(Milk Mass before Heating – Milk Mass after Heating) = Water Mass
(Milk Mass before Heating - Water Mass) = Total Solids
100 * (Total Solids / Mass of Milk) = % Total Solids
6. Milk % Fat Content
Mojonier Method
((Al Dish + Fat Mass) – Weight of Dry Dish) = Mass of Fat
100 * (Mass of Fat / Mass Milk) = % Fat
7. % Proteins and Sugars
% Total Solids - (% Fat + % Minerals) = % Proteins and Sugars
8. Plate Thickness
Plate thickness was measured with a
caliper with 0.0001 inch accuracy. The
measurement was taken in three places
on the same test alloy plate.
Average
Alloy

Trial 1 (in.)

Trial 2 (in.)

Trial 3 (in.)

Titanium
SS316
SS304
SS430

0.0325
0.0262
0.0271
0.0278

0.0319
0.0249
0.0261
0.0280

0.0329
0.0250
0.0262
0.0282

9. EDS
EDS was performed using the
standard methods provided by the
EDAX software.
10. Hardness
Hardness was performed using the
standard method setup by Wilson
Instruments.
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0.0324
0.0254
0.0397
0.028

11. Inclusion Area
Alloy
SS316 short
SS316 long
SS304 short
SS304 long
SS430 short
SS430 long

Total area
boxes
506
517
506
506
517
533.25

Inclusion area
boxes
3.5
1.5
1
24
3.5
3
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Marker
bar
13.6
20.1
15.2
3.8
25.2
27

Normalized %
inclusion
3.328
3.049
1.188
1.782
11.184
10.669

Appendix II. SDS PAGE of AB-AA Milk and Foulant
Ghashghaei, K. (2003)
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Appendix III. Calibration Curves of the Water / Milk Heating System
Temperature Controller Calibration (Water setpoint 90.0oC)
160.0
140.0

Temperature (oC)

120.0
100.0
80.0
60.0
40.0
20.0
0.0
0.0

50.0

100.0

150.0

200.0

250.0

300.0

350.0

400.0

450.0

Time (min)
Hot Plate Temperature (oC)
pH Temperature Sensor (oC)

Controller Sensor (oC)
Controller Setpoint

Temperature Controller Calibration (Milk 2% setpoint 50.0oC)
140.0
120.0

Temperature (oC)

100.0
80.0
60.0
40.0
20.0
0.0
0.0

100.0

200.0

300.0

400.0

500.0

600.0

Time (min)
Hot Plate Temperature (oC)

Controller Sensor (oC)

105

pH Temperature (oC)

Set Point (oC)

Appendix IV. pH temperature correction curve
pH Temperature Calibration Factors
0.1

y = -8E-09x3 - 6E-05x2 + 0.0064x - 0.1185
R2 = 0.9951

84
88

76
80

68
72

60
64

52
56

44
48

36
40

28
32

20
24

8
12
16

4

0
0

Correction factor (pH)

0.05

-0.05
-0.1
-0.15
-0.2

y = -2E-09x3 - 3E-05x2 + 0.0005x + 0.009
R2 = 0.9984

-0.25
Temperature (oC)
Diversion from 4.01 buffer
Poly. (Diversion from 7.00 Buffer)
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Diversion from 7.00 Buffer
Poly. (Diversion from 4.01 buffer)

Appendix V. Heat Exchanger Plates Optical Review

AB-AB Milk Trial 1

Stainless Steel 304

Stainless Steel 316

Stainless Steel 430

Titanium
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AB-AA Milk Trial 1

Stainless Steel 304

Stainless Steel 316

Stainless Steel 430

Titanium
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AB-BB Milk Trial 1

Stainless Steel 304

Stainless Steel 316

Stainless Steel 430

Titanium
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AB-AB Milk Trial 2

Stainless Steel 304

Stainless Steel 316

Stainless Steel 430

Titanium
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AB-AA Milk Trial 2

Stainless Steel 304

Stainless Steel 316

Stainless Steel 430

Titanium
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AB-BB Milk Trial 2

Stainless Steel 304

Stainless Steel 316

Stainless Steel 430

Titanium
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AB-AB Milk Trial 3

Stainless Steel 304

Stainless Steel 316

Stainless Steel 430

Titanium
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AB-AA Milk Trial 3

Stainless Steel 304

Stainless Steel 316

Stainless Steel 430

Titanium
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AB-BB Milk Trial 3

Stainless Steel 304

Stainless Steel 316

Stainless Steel 430

Titanium
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Appendix VI. Cow Identification from Heard
Genetic
Variant
AB-BB

Cow
ID
1887
643

KCN
AB
AB

BLG
BB
BB

Breed
Holstein
Jersey

Status
Milking
Milking

Genetic
Variant
AB-AA

Cow
ID
561
642
1841

KCN
AB
AB
AB

BLG
AA
AA
AA

Breed
Jersey
Jersey
Holstein

Status
Dry
Milking
Milking
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Appendix VII. System Specifications
Milk time to return

1min 45.12 sec.

Milk heat input

29.9000 C

O

11:35am

O

12:05pm

O

30 C

70.8000 C

O

difference

40.9000 C

oC/min

1.3633

Max H2O in exchanger

92.9oC

H20 flow rate (mL/min)

35.7873

H2O return time to tank
H2O System Volume
(mL)

1min. 48.53sec.

Milk flow rate (mL/min)

30.3907

Milk return time
Milk System Volume
(mL)

1min. 19.47sec.

Mass full pipet milk

14.50g DI H2O

DI Water Density (g/mL)
Volume Milk in Pipet
(mL)

1
14.5000

Total Milk System
Volume

54.7525

1.80883

64.7333

40.2525
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1.3245

Appendix VIII. Future Machines and Tooling

Item

Part#

Quantity

13-876-3
14176180
THERMO
SCI NALGE
No.80500310

2

1

Pyrex* Brand Heavy-Wall
Filtering Flasks, Graduated
> 4000mL
rubber stopper No.12

10-041E
Corning
No.:53204L

1

Pyrex* Brand Heavy-Wall
Filtering Flasks, Graduated
> 2000mL
rubber stopper No.9

10-041D
Corning
No.:53202L

1

Fisherbrand* Two-Hole
Rubber Stoppers
Size 12; 5mm hole size

14-140P

pack of 5

Fisherbrand* Two-Hole
Rubber Stoppers
Size 9; 5mm hole size

14-140L

pack of 11

Stirrer/Hotplate; 5 x 7 in.

S50448HP
Corning
No.:6795420 EMW

2

EW-3622564

2

EW-0811770

2

Peristalic; Medium High
Flow
Thermo Scientific*
Nalgene* 890 Tubing;
I.D. x O.D. x Wall: 1/4 x
5/16 x 1/32; 50 ft.

Digi-Sense 1-Zone
benchtop dual display
temperature control, type
RTD input, 120V, 15 amps
RTD Probe; GeneralPurpose Immersion,
®
with Cole-Parmer ThreePin Connector, 10"
Length
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